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Abstract
The incorporation of drugs into phosphorylcholine (PC) polymers coated onto coronary 
stent surfaces is one potential method of treatment for reducing restenosis, the reclosure of the 
artery after angioplasty treatment. This work on the characterisation of the swelling performance 
of thin PC polymer films represents a further extension of the study on biocompatible polymers. 
The broad aim of this work is to relate the PC polymer structure and film processing conditions to 
their swelling, drug loading and release kinetics. As the two highly sensitive and powerful 
techniques in film structure determination, both ellipsometry and neutron reflection have proved 
to be useful in characterising PC polymer films and drug release processes.
Following an established ellipsometry measurement method, a two stage process 
consisting of diffusion and relaxation has been observed during the PC film swelling: this 
suggests an anomalous mechanism, and this performance is well described by the coupled 
diffusion and relaxation model developed by Berens and Hopfenberg. Furthermore, the swelling 
of PC polymer films was investigated as a function of cross-linking, annealing temperature, 
chemical composition, hydrophilic/hydrophobic ratios, film thickness and environmental 
conditions by ellipsometry measurements, and their effects on swelling kinetics well quantified.
The structures of the PC polymer films (PC100B) with cross-linking groups have been 
further characterised by neutron reflection. The segregation of hydrophobic and hydrophilic 
domains was found in the PC films with different dimensions. The PC100B with deuterated 
dodecyl chains was used to highlight the interfacial structures of the PC films. The hydrophilic 
segments, including phosphorylcholine groups and hydroxypropyl groups, are preferentially 
adsorbed at the polymer/substrate interface. The hydrophobic dodecyl chains are expelled away 
from the silicon oxide surface. The main part of PC100B films is the middle uniform region with 
40% of water in the sample annealed at 150°C, and 55% of water in the sample annealed at 50°C.
The combination of the ellipsometry results and the drug release profiles from UV 
measurements indicates that the drug release pattern is strongly affected by the film swelling 
kinetics when the drug molecules and polymer matrix interact weakly. Otherwise, a strong 
interaction between the drug and the polymer will dominate the drug release behaviour from the 
PC polymer films.
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Chapter 1 
Introduction
1.1 Background of this study
Coronary artery disease (CAD) is the condition whereby vessels that carry blood 
to the heart become narrowed and blocked. This disease is the biggest killer in the 
western world with over 4 million Americans suffering from the condition in 1995 
[http://lib-sh.lsumc.edu/fammed/pted/angina.html]. CAD is often treated by drugs 
before the risk of a heart attack becomes high. If drugs fail to ease the angina, 
angioplasty and coronary stents may be employed as an alternative to bypass surgery 
for coronary artery disease. Angioplasty uses a guidewire to position a catheter 
directly into the blocked vessel (Figure 1.1). As one of several methods to open the 
vessel, a tiny balloon is inflated and used to compress the plaque against the walls of 
the artery, flattening it out so that blood can once again flow through the blood vessel 
freely. To keep the artery open, a coronary stent, which is an expandable metal mesh 
tube, is implanted at the site of the blockage and keeps the vessel continuously open.
However, proteins like fibrinogen in blood are extremely surface active, which 
cause the recruitment of platelets and the formation of blood clots or thrombus on the 
surface of newly implanted medical devices. Following angioplasty, patients may 
suffer from narrowing or reclosing of the artery (restenosis) for up to one year after 
the treatment. Although some agents, like aspirin and heparin combined with new 
anti-clotting agents, tirofiban, abciximab, argatroban, or bivalirudin, are administered 
to protect the opening, the effect is not remarkable because the reclosure is not caused 
wholly by blood clots. Smooth-muscle overgrowth and other unidentified mechanisms 
also contribute. Some evidence suggests that the release of large amounts of oxidants 
(damaging unstable particles) at the surgical site activates genetic changes in certain 
white blood cells that may cause smooth muscle overgrowth. Antioxidant drugs, such 
as probucol, have been tested and could significantly reduce restenosis. Other drugs 
including verapamil and angiopeptin are being investigated for their ability to limit 
smooth muscle growth, although there is the argument that the major factor of 
restenosis is not smooth muscle growth.
Biocompatible phosphorylcholine (PC) polymers were launched as a novel
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polymeric biomaterial to mimic the lipid structure in cell membrane. The outside 
surface of the cell membrane is haemocompatible and consists mainly of 
phospholipids containing phosphorylcholine groups that are responsible for the blood 
compatibility [Hayward and Chapman 1984]. Coating of these PC polymers on the 
surface of stainless steel stents can significantly reduce the adsorption of a number of 
proteins. One further approach to treating restenosis is the incorporation of drugs into 
PC coated stents, that then directly target the vessel wall at the site of blockage in 
order to prevent the vessel renorrowing by the controlled release of appropriate 
therapeutics (Figure 1.2).
1.2 Background of drug release and polymer swelling
The development of polymeric drug carrier systems has been one of the major 
fields in drug delivery studies and applications. Numerous polymers and a variety of 
methods have been used to deliver bioactive agents to targeted sites in a 
predetermined manner. The swelling controlled release systems are particularly 
noticeable because of their capability to deliver dings at constant rate over an 
extended period of time [Peppas and Khare 1993]. These systems are able to achieve 
zero order release by modification of the structures and properties of polymer carriers. 
The characteristics of drug release from a polymer matrix are determined by the 
polymer segment relaxation arising from polymer hydration, osmotic pressure 
occurring during the swelling process and drug molecule diffusion in the polymer 
network. Thus, it is valuable to understand the mechanisms of polymer swelling and 
ding release further, to make clear their relationships and finally to control the drug 
release by engineering specific polymer systems.
1.2.1 Description of water diffusion and swelling of polymers
Swelling phenomena are widely encountered in ding release systems and have 
also been used to control the release of drugs and bioactive agents [Peppas et ah 1993 
and 2000, Yoshida et ah 1993]. It is of importance to characterize the swelling 
performance of polymer in fluid environments. Due to the close relationship between 
polymer swelling and penetrant diffusion, the explanation of swelling phenomena 
when the polymer is in contact with penetrants is usually based on the classification of 
Fickian diffusion, Case II diffusion and anomalous diffusion.
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Figure 1.1 Angioplasty and coronary stent in the treatm ent of clogged artery. [Courtesy o f MIT 
and Biocom patibles.]
Figure 1.2 Com parison o f treatm ent results by polym er coated stents with and without 
incorporated drug. The small dots around inner artery wall show the cross-section of implanted 
stents. [Courtesy of Biocompatibles.]
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Fickian diffusion could characterize virtually all the rubbery polymer-penetrant 
systems [Stannett 1968], in which the diffusion is controlled by concentration 
gradient. While slow relaxation processes occur in the glassy state, the deviations 
from Fickian diffusion, an anomalous behaviour, are observed when the polymer
chains are rearranged in response to the osmotic swelling pressure. The 
anomalous diffusion is usually treated as a combination of Fickian diffusion and 
relaxation of polymer segments which are comparable. Thus, a wide range of 
anomalous diffusions could happen according to the relative contributions from both 
processes [Crank 1975, Crank and Park 1968, Hopfenberg and Frisch 1969]. Case II 
diffusion is the limiting case of relaxation-controlled behaviour, and it is recognized 
that there is a moving penetrant front which separates the unpenetrated glassy 
polymer from the outer swollen layer, which has a uniform concentration of penetrant 
[Hassan and Duming 1999].
The internal stress induced by penetrant is usually considered as the driving force 
of polymer swelling. Crank [1953] proposed a model assuming that the swollen layer 
underwent an instantaneous elastic expansion in proportion to the concentration of 
solvent absorbed, but held in compression by the glassy core. Thomas and Windle 
[1980] gave a deformation model for Case II diffusion: in response to an osmotic 
swelling stress as penetrant molecules enter a layer of glassy polymer from the 
penetrating front, the creep of the polymer glass occurs autocatalytically.
The dependence of swelling behaviour on polymeric structures and 
environmental factors has been paid great attention [Crank and Park 1968, Duming et 
ah 1995]. Various structural effects on polymer swelling, including the polymer 
molecular weight [Hassan and Duming 1999], the hydrophilic/hydrophobic ratio in 
polymer segments [Hopfenberg et ah 1981, Korsmeyer and Peppas 1981, Brazel and 
Peppas 1999], the cross-linking degree of polymers [Hariharan and Peppas 1996], 
and the dimensions of polymer specimen [Hopfenberg and Frisch 1969], have been 
investigated. All of these factors affect the diffusing rate of penetrants, relaxation of 
polymer and the interaction between penetrants and polymers by modified polymer 
structures.
1.2.2 Concept of controlled drug release
Over the past few decades polymeric materials have played a major role in the
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fields of pharmaceutical administration and biomedical devices. Compared with ways 
of ordinary drug administration, polymeric drug carrier systems could provide not 
only the stable therapeutic effect over a controlled period by various adjustable 
manners, but also a wide range of biologically active drugs targeting specific sites in 
the human body [Dumitriu 1994]. Considering the biological environments and 
sometimes harsh conditions to which polymers and biologically active agents are 
subjected [Lewis et ah 1995], the polymer systems combined with drug should be 
biocompatible with tissue and blood, mechanically strong enough, have low toxicity 
and side effects, and high drug loading capacity. From the viewpoint of economical 
viability, these should also be easy to fabricate and sterilize [Dumitriu 1994, Brannon- 
Peppas 1997].
Traditionally, the level of drug in blood, administrated by parenteral or enteral 
routes, declines quickly after reaching a maximum value due to excretion and/or 
metabolic conversion in the body. It is crucial to keep the level of drug between the 
minimum effective level, below which the drug has no function, and the maximum 
desired level, i.e. the threshold toxicity level. Thus, the administration of drug has to 
be repeatedly regularly [Richards 1985].
The controlled drug delivery system, which was designed to combine a polymer 
and a drug or other active agent [Rubinstein et al. 1997], could continuously release 
the drug in a predesigned manner. The controlled release may be over a long period, 
from several months to even several years, yet must also keep the drug level between 
the desired maximum and minimum. The purpose of controlled drug delivery is to 
achieve more effective therapies, which means reducing the times of drug 
administration, delivering the released drug to the specific targets, and increasing 
patient compliance. Despite the significant advantages, the disadvantages are also 
obvious, like surgical requirements for implanting or removing the depleted polymer 
systems, possibility of patient discomfort from the devices, and the high cost of 
controlled release systems compared with the traditional pharmaceutical formulations.
1.2.3 Mechanisms of drug release from polymer matrix
The mechanisms of drug release from polymer systems can be classified as 
diffusion, degradation and swelling followed by diffusion. All three mechanisms 
could occur separately or simultaneously during drug release [Brannon-Peppas 1997]. 
To achieve the aim of controlled release, it is common to take advantage of the
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mechanisms by manipulation of polymer structures and compositions.
Diffusion mechanism
Drug diffusion within polymer matrix, which occurs almost every stage of drug 
release and all kinds of drug release devices, usually progresses on a macroscopic 
scale through pores in the polymer matrix, or on a molecular level, by passing 
between polymer chains. In the first case the drug could exist in the form of granules 
and is released by directly dissolving in external fluid which is drawn into the 
capillaries formed in the matrix during the drug dissolution [Higuchi 1963]. The 
more important release mechanism is the diffusion of drug molecules through 
polymer matrix rather than through formed pores. Homogeneous and reservoir 
systems are the most common devices for drug release, through which the drug 
molecules diffuse into the external environment.
In homogeneous systems, if the polymer is in equilibrated swelling, drug 
diffusion occurs according to normal Fickian laws and drug release is time-dependent, 
i.e. the release rate decreases with time as the drug needs a progressively longer 
distance to diffuse. For the reservoir systems, the core of drug or drug solution is 
usually surrounded by a boundary layer, a polymer film or membrane, which could 
effectively limit the rate of drug molecule transfer, or even keep a fairly constant 
release rate {Dash 1998, Laghoueg et al. 1989].
Degradation mechanism
The most important applications of biodegradable polymers are in the areas of 
controlled drug delivery and many other medical implants and devices [Dumitriu 
1994, Rubinstein et a l 1997]. The common biodegradable polymers used in drug 
delivery include polyesters, polyamides, polyanhydrides and polyorthoesters which 
are designed to degrade as a result of hydrolysis of the polymer chain into biologically 
acceptable pieces. Degradation may take place through bulk hydrolysis, in which 
polymer degrades uniformly throughout the matrix, or at the surface of the polymer, 
resulting in a release rate that is proportional to the surface area of the drug delivery 
system [Brannon-Peppas 1997].
Swelling controlled mechanism
For the initially dry drug-polymer system, the drug release is accompanied by an
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influx of water as the polymer is placed in a biological environment and begins to 
swell. The swelling increases the water content within the matrix and the polymer 
mesh size, enabling the drug to diffuse through the swollen network into the external 
environment. The release rate of drug is controlled by the balance between drug 
diffusion across a concentration gradient, the polymer relaxation occurring due to the 
polymer hydration, and the osmotic pressure occurring during the swelling process 
[Brazel and Peppas 1999, Hopfenberg and Hsu 1978, Lee 1983]. Especially, a zero- 
order release of the drug could be achieved since the rate limiting step is the progress 
of the water front in polymer, i.e. Case II transport, in which the rate of polymer 
chain relaxation is slower than that of water diffusion in swollen areas. This is 
essentially a time-independent process.
The behaviour of water sorption in polymers has been extensively investigated 
over the past decades. It is widely accepted that the Fickian diffusion and Case II 
transport are two extremes in water transport. Also, a combination could occur 
frequently due to the crosslinking of polymers [Korsmeyer et al. 1986, Hopfenberg 
and Frisch 1969, Kwei et al. 1972]. Swelling-controlled release systems are based on 
the observations that the polymer composition, drug presence in polymer, and 
interaction between drug and polymer segments could affect the swelling deviating 
from Fickian behaviour, leading to an extended period of drug release [Astarita and 
Sarti 1978].
1.2.4 Polymer systems used in drug delivery
As the formulation in controlled drug delivery system, a polymer must be 
biocompatible with the environmental condition in body, free from impurities and 
mechanically strong. A number of polymers, from synthetic to natural compounds, 
have been employed in drug delivery systems since the concept of controlled release 
was first developed in 1950s. This list includes:
Poly(hydroxyethylmethacrylate) (PHEMA), 
poly(N-vinylpyrrolidone) (PVP), 
poly(methylmethacrylate) (PMMA), 
poly(vinylalcohol) (PVA), 
poly(acrylicacid) (PAA), 
poly(acrylamide) (PAAM),
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poly(ethylene-co-vinylacetate) (PEVA), 
polyethylene glycol (PEG), 
poly(methacrylicacid) (PMAA), 
starch and 
ethyl cellulose.
Some biodegradable polymers have also been developed for drug delivery system 
in recent years, including:
polylactides (PLA), 
polyglycolide (PLGA), 
poly(lactide-co-glycolides) (PLGA), 
polyphosphate esters, 
polyorthoesters and 
polyanhydrides.
The factors that may affect the degradation of biodegradable polymers include 
chemical and configurational structure, molecular weight and distribution, fabrication 
conditions, crystallinity in polymer and degradation conditions [Domb 1994].
In addition to the normal size of drug release devices, such as slab, sphere and 
cylinder, more and more attention has been paid to developing novel controlled 
release systems, which include microparticles, nanoparticles, microemulsions and 
colloids, and liposomes, ranging from several nanometers to microns [Berressem 
1999, Donbrow 1991]. Meanwhile, delivery can also be made through thin coatings 
on the surface of medical devices to improve the efficiency of therapy [Murphy et al. 
2000].
1.2.5 Swelling-controlled drug release systems
In the past few decades, a number of studies have focused on the swelling- 
controlled drug release systems [Peppas et al. 2000 and 1993, Yoshida et al. 1993]. 
The purpose of these studies was to clarify the properties of polymer carriers and the 
relationships between the drug, polymer, cross-linker and environmental conditions 
which are relevant to the performance of drug delivery systems [Brazel and Peppas 
1999, Bettini et al. 1995, Wood et al. 1982, Collett and Wood 1982].
It has been shown by many studies that increasing the cross-linking degree within 
the polymer matrix can remarkably lower the swelling degree of the polymer and
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reduce the permeability and the release rate of drug molecules [Lee,E.S. et al. 1980, 
Korsmeyer and Peppas 1981, Rubinstein et al. 1997, Hariharan and Peppas 1996]. 
Similar effects can be found in the protein released from poly(D,L-lactide) with 
different viscosity-average molecular weights, in which the compactness and 
entanglement created by the high molecular weight hinders the release of proteins 
[Marcotte 1990]. The ratio of hydrophilicity and hydrophobicity within polymer 
matrix is particularly significant for manipulating the polymer biocompatibility and 
drug release properties. The swelling degree of polymer increased with the 
hydrophilic part or charged segments, which facilitate the mobility of drug in 
polymers and thus the release becomes faster [Hariharan and Peppas 1996].
In addition, many other qualities and characteristics, including the morphology of 
polymer [Korsmeyer and Peppas 1981], the drug existence in polymer [Lee, PI 1983] 
and drug loading methodology [Langer et al. 1985], could affect and regulate the drug 
release from polymer systems.
1.2.6 PC polymer and biocompatibility
When the implanted artificial medical devices contact with bodily fluids, such as 
blood, urine and tears, it will elicit the adsorption of proteins from such bodily fluids 
onto the device surface. In the case of thrombus formation, the plasma proteins 
adsorb onto an implant surface and this subsequently attracts platelet adhesion and 
aggregation [Bantjes 1978, Cooper and Peppas 1982, Park and Park 1996, Kim and 
Lee 1979]. Thus, it is desirable to make the device surface biocompatible to reduce 
the probability of protein adsorption and potentially inflammation. The 
biocompatibility has been tested for many polymers including poly(vinylchloride), 
poly(ethyleneoxide), poly(etherurethane), poly(dimethylsiloxane), and 
poly(tetrafluoroethylene). Also, various modified surfaces aiming to enhance their 
biocompatibility have been proposed, which include charged surfaces, hydrogel 
polymer coatings [Park and Park 1979], albumin layer covered hydrophobic surface 
[Cooper and Peppas 1982] and the preadsorption of anti-thrombotic heparin [Boffa 
1979].
Biocompatible phosphorylcholine (PC) polymers were designed to mimic the 
interfaces of cell membranes, where the phosphorylcholine heads in lipids function as 
blood compatible structures [Hayward and Chapman 1984]. The reduction of protein
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adsorption on the PC polymer surface was considered as the result of preferential 
exposure of PC groups on the outer polymer surface [Yianni 1992]. Protein 
adsorption onto the PC polymer, with and without cross-linking, has been examined 
by Murphy et a l [2000 and 1999].
1.3 Techniques used for studying swelling polymer systems
The most conventional ways to monitor polymer swelling are permeation, 
sorption, and gravimetric methods [Crank and Park 1968]. However, it is hard to use 
these methods to provide information about penetrant distribution across the polymer 
and the variation of the structure of the film with time. The optical methods, such as 
refractive index technique, do give some information about changes in concentration- 
distance relationship in the polymer [Crank and Park 1968]. Techniques such as ion 
beam analysis, magnetic resonance imaging [Ercken et a l  1996] and stray field 
magnetic resonance imaging (STRAFI) [McDonald 1997, Lane and McDonald 1997, 
Goerke et a l 2000] are the established methods for concentration profiling. A number 
of recent studies have shown that surface plasmon resonance (SPR) [Drake and Bohn
1995] and interferometry [Hassan and Duming 1999, Duming et a l 1995] are 
appropriate for studying thin polymer films with thicknesses typically less than 1 pm 
and under aqueous environment. These techniques also allow us to detect the possible 
uneven distributions of penetrants across the thin films.
Ellipsometry is an established technique for monitoring the dynamic and 
equilibrium properties at different interfaces [Styrkas et al. 1999, Chen et al 1999, 
Tiberg et al 1999]. Due to the large contrast between the refractive index of water 
(-1.33) and that of organic polymer systems (-1.50), detailed water distribution and 
polymer structure can be distinguished by ellipsometry methods. For the polymer 
films with the thickness ranging from a few hundred A to 1 pm and which are 
comparable to the wavelength range of the light source, ellipsometry is ideally suited 
for their characterisation. Ellipsometry has been used to measure simultaneous 
changes of the thickness and refractive index of polymer films under humid 
environments [Filippova 1999, Mathe et al. 1999]. The swelling of a thick polystyrene 
brush in cyclohexane has also been investigated by ellipsometry [Habicht et a l 1999]. 
However, for the structures near surfaces and interfaces with thickness below 100 A, 
the capability of ellipsometry is restricted in disclosing such fine structures because of
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the correlation between the layer thickness and optical properties. Also, the small 
contrast of optical properties between organic compounds and polymers makes it very 
hard to give the composition profiles such as drug distributions in polymer matrix.
The neutron reflection technique has successfully overcome the disadvantages of 
ellipsometry because the neutron beam has very short wavelength (5 A), which allows 
the detection of the structures at the molecular level. The use of deuterated 
compounds helps to sharpen the contrast between the penetrant and the polymer. 
Specular neutron reflection provides very reliable density profiles for the polymer 
films at surface, interface and bulk phase, revealing the detailed structural information 
[Penfold and Thomas 1990, Russell 1990]. Neutron reflection has been used to study 
the distributions of small solvent molecules in swollen polymer films and to follow 
the swelling procedures of polymer films [Levicky et al. 1998, Yim et al. 1999, 
Zhulina and Halperin 1992, Wu et al. 1995, Lin et al. 1995], However, there have 
been no reports made of using this technique to study drug distributions in polymer 
matrices as yet.
1.4 Aims of this work
This project aims to study the performance of the biocompatible 
phosphorylcholine polymers as potential drug delivery carriers. PC polymers were 
designed to mimic the zwitterionic structure of natural haemocompatible membranes, 
thereby conferring properties of haemocompatibility, which have been used in 
cardiopulmonary bypass surgery and have shown a lesser propensity to form blood 
clots. PC polymers have also been used on thoracic drainage catheters to give 
improved performance in clinical trials. In angioplasty treatments [Section 1.1], PC 
polymers are coated on the stent surface with the incorporation of drugs, which target 
the blocked site to reduce blood clots and prevent the occurrence of restonosis. 
However, as a potential drug release carrier, there has not been enough knowledge 
accumulated at the present stage about the performance of PC polymers in biological 
fluids, like blood, tear and urine in the presence of different drugs. Little information 
is available about the capacity of drug loading in PC films, drug release pattern and 
environmental effects.
With incorporated drug inside, the initial dry film coated on the stent will be 
hydrated during its contact with blood. Water diffusion and drug release will happen
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simultaneously accompanied by polymer segment deformation. Since the cross- 
linking structure exists in the PC polymer network, the drug release process is mainly 
dominated by the diffusion of water and drug, and polymer swelling. For a 
fundamental understanding of drug release from PC polymers, the first step is to study 
the mechanism of water diffusion and polymer relaxation, which is highly relevant to 
the properties and structure of the PC polymers. A mathematical description of 
swelling and the release mechanisms will be highly relevant to data analysis. The 
effects of cross-linking, hydrophobic/hydrophilic ratio within the polymers and 
polymer composition on the swelling of PC polymer will be systematically examined. 
Some environmental factors, such as buffer solution and temperature, will also be 
tested.
Meanwhile, due to the very thin film (less than one micron) used in the practical 
application, this study will also pay attention to the specialty of the performance of 
very thin PC films. The properties of thin polymer films are greatly affected by the 
polymer structures at surfaces and interfaces, at which the polymer behaves 
differently from the bulk phase and exhibits some special phenomena. Neutron 
reflection will be a powerful tool to reveal the detailed structure at different polymer 
interfaces. It is anticipated that some segregation phenomena could be revealed in the 
PC polymers. Carefully selected isotopic contrast between drug and PC polymer is 
expected to highlight the drug distribution profiles in polymer films.
In this work, the drugs chosen include some model compounds, caffeine and 
thiamine hydrochloride, dipyridamole (a coronary vasodilator), and angiopeptin (an 
antiproliferatire used to treat restenosis). The drug release profiles are related to the 
swelling behaviour of PC polymers. Various effects including cross-linking, film 
thickness, polymer composition, drug type and drug loading procedure on drug 
release will be examined. The interaction between drug and polymer, and the means 
of drug loading are also studied.
It is hoped that through these studies, some useful relationships are established 
between the chemical composition of PC polymers, film processing conditions and 
drug loading and release kinetics.
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1.5 Plan of the thesis
This thesis will be presented in seven chapters. Chapter 1 introduces the 
scientific background on this project and outlines the broad aim of this research. 
Chapter 2 describes the principles of major experimental techniques used in this work, 
experimental procedures and sample preparation details. The main instruments used in 
the research are ellipsometry and neutron reflection, and their operation procedures 
are outlined. The data analysis procedures are also discussed in this chapter. The 
technique of film coating and the preparation of silicon blocks and wafers are 
described as well.
Chapters 3 and 4 focus on the ellipsometry characterization of swelling of PC 
polymer films during hydration. These measurements show that the swelling of PC 
polymer films follows a two-step process, a fast initial deformation, followed by a 
slow relaxation. A coupled diffusion and relaxation model is used to describe the 
swelling process. The effects of annealing temperature, dry film thickness and 
environmental conditions on swelling are discussed in these chapters. Various 
structural factors, including polymer composition, cross-linking and 
hydrophilic/hydrophobic ratio in PC polymers, on the swelling of PC polymers are 
examined.
In Chapter 5, the structure of PC polymer films is studied by neutron reflection. 
The bulk part of the films is found to be uniform, and is consistent with the previous 
ellipsometry measurements. Obvious segregations of hydrophobic and hydrophilic 
segments in PC polymers occur due to the interactions between polymer and substrate 
media. Water and drug distributions in PC polymers are identified from the neutron 
reflection profiles.
Chapter 6 studies the drug loading and release from PC polymer films. Data from 
drug release shows that a swelling mechanism is the major handle to control drug 
release from PC polymer films. Film swelling data explains the initial fast release 
well. In addition, the interactions between polymer and drug also play an important 
role in controlling drug release kinetics.
Chapter 7 summarises the main outcomes from this work and indicates areas of 
interests for future research.
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Chapter 2 
Experimental Section
2.1 Introduction
A number of physical techniques have been used to study polymer films and 
adsorbed polymer layers at interfaces. These include neutron and X-ray reflection 
[Yim et a l 1999], FT-IR [Sutandar et a l 1994], AFM, 3He ion-beam analysis [Riggs 
et al 1999], ellipsometry and ESR [Schlick et a l 1995]. Each technique tends to 
provide different aspects of structural information about a given polymer film. It is 
hence desirable to try to use as many different techniques as possible. The combined 
measurements involving different techniques lead to a better understanding of a given 
polymer system. However, because of the limited availability and the finite 
experimental time, it is always preferable to confine the experimental work to a few 
key techniques. In this thesis work, neutron reflection and spectroscopic ellipsometry 
have mainly been used. Since neutron reflection is one of the central governmental 
research facilities, its access is very limited. In comparison, ellipsometry is a home 
based equipment and is easily accessible, it was used to perform the home laboratory 
based characterisation so that neutron work could be done more efficiently. In 
addition, there are a number of technical advantages from each of the techniques. 
Their combined application helps to reveal different aspects of the swelling of 
polymer films.
The main objective of this chapter is to outline the theoretical background of the 
two techniques and the principles relating to their applications in this work. The 
procedures used in data analysis will be described. Information on the samples and 
materials used will also be given.
2.2 Ellipsometry measurements
2.2.1 Principle of ellipsometry
Measurement
The ellipsometer used in this work was a variable angle spectroscopic 
ellipsometry (VASE, J. A. Woollam Co., Lincola, USA). Ellipsometry measures the 
polarization states of a beam of light reflected from the surface and interface of a
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sample, rather than directly measuring the layer thickness or optical properties 
[Azzam and Bashara 1977]. The polarization state of light is usually defined in terms 
of the direction of propagation and phase of electric field vector. In ellipsometry 
measurements, it is common to define p-direction as lying in the plane of incidence, 
defined as the plane containing the incident and reflected beams and the vector normal 
to the sample surface. The s-direction lies perpendicular to the p-direction such that 
the p-direction, s-direction, and direction of propagation define a right-handed 
Cartesian coordinate system (Figure 2.1). Thus any totally polarized beam can be 
expressed by specifying the components of the electric field of the beam along the p- 
and s- directions.
Figure 2.1 Measurement geometry for ellipsometric experiments
The measured values, psi ( Y) and delta (zi), from a thin polymer film are related 
to the ratio of Fresnel reflection coefficients Rp and Rs for p- and s- polarized light, 
respectively:
—  = tan • exp( iA )  (2.1)
R s
The ratio of the Fresnel reflection coefficients of the sample represents the total 
information we can obtain from a single ellipsometric measurement. Tan *7'is equal to 
the magnitude of the ratio of the p- to s-direction complex reflection coefficients for 
the sample, and A is the phase difference between the p- and s- reflection coefficients.
Development of a model
Having obtained the optical measurement as a function of wavelength and angle 
of incidence from ellipsometry, we need to construct a model, which consists of any 
number of layers on a substrate and is parameterized by the optical constants of the
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various materials and the thickness of the films.
The simple case of a single layer film on a thick substrate is encountered in the 
study of polymer swelling in water (Figure 2.2). This model consists of one layer of 
polymer film on a substrate of silicon wafer in an ambient water phase. Note that the 
silicon oxide layer on the wafer surface is ignored due to its very small thickness (20 
-  30 A) compared with the thickness of polymer layer (700 -  8000 A), though it is 
taken into account in the actual calculation. This model also contains some known 
parameters, such as the wavelength (X) of the incident light, the incident beam 
polarization state, and the angle (<f>0) of incidence. The optical constants of the silicon 
substrate (n2) and water phase (no) can also be obtained from the literature. The 
unknown parameters of this model are the thickness (d) of the polymer layer and its 
optical constant (ni).
Incident beam 
Ambient water phase, 0
Polymer film with water, 1 
Silicon substrate, 2
Figure 2.2 Schematics of multiple reflection and transmission 
for a single film on an optically thick substrate
In this model, the expressions for the Fresnel reflection coefficients (rp and rs in 
p- and s-direction, respectively) and Fresnel transmission coefficients (tp and ts in p- 
and s-direction, respectively) for the polymer surface are:
r -  ni cos ~ cos 
P WjCOS^o+K0COS^ J
_  COS^o “  COS^J 
J WqCOS^ o F^COS^!
(2.2)
(2.3)
2w0cos^0 
nx cos^0 + n0 cos^t— V . -^— 7  (2.4)
2w0cos^0
*, = -------- -7-7  . . (2-5)n0 cos + nx cos^
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We can also obtain similar expressions for the interface at the polymer/substrate. 
In terms of the incident, reflected, and transmitted beams, we can define the p- 
polarized pseudo-Fresnel reflection coefficients for the sample as follows:
r + v e j? — oi 12
p i + r r e~i2P1 ^  r0lrl2e
(2.6)
with a similar equation holding for the s-polarized case, p is the phase thickness (or 
optical thickness) of the film, given by:
P = - c o s  <j>x = 2n  -  n] sin 2 <j)z (2.7)
Finally, the 'F and A can be calculated from the pseudo-Fresnel p- and s-polarized 
reflection coefficients Rp and Rs, respectively, via the equation:
p  = tan TV1 s  —
R.
(2.8)
Model fitting
Model fitting is a trial and error procedure. By varying the unknown parameters 
in the model (thickness and optical constants of polymer in this case), we can find a 
set of calculated and A which very closely match the measured xFexp and Aexp. The 
chi-square (x2) and mean-square error (MSE) are used to estimate the quality of the 
match between the data calculated from the model and the experimental data:
N
i=l
r ay/mod _  exp
(J,expr,t
+
r am^od __ ^ jexp
<JexpA i
(2.9)
where N is the number of A) pairs, and a  are the standard deviations on the 
experimental data points. %2 is related to MSE by: MSE =x2/(2N-M), M is the number 
of variable parameters in the model.
For the results to be meaningful, the minimum value of the MSE should be a 
small value, and should be fairly sharp as a function of the variable parameters. Also, 
it must be the lowest MSE obtainable from the given model, and only one set of
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variable parameters should yield the minimum MSE. The Levenberg-Marquardt 
method is employed in this model minimization; this method will be introduced later.
Evaluation of the best-fit model
Once the best-fit model has been established, the best-fit set of parameters must 
be evaluated for its physical reasonability, for sensitivity and for possible correlation. 
The information about sensitivity and parameter correlation come from the curvature 
matrix [a], whose elements are given as follows [J.A. Woollam Company]:
The curvature matrix is related to the covariance matrix of the fit parameters by 
[C]=[a] "1. The standard 90% confidence limit (SCL) in the ith fit parameter as given 
by SCLf=1.65*C„1/2, C„ is the ith diagonal element of the covariance matrix. The 
sensitivity is expressed in terms of a confidence limit and describes how much 
information is available about a given parameter.
The two-parameter correlation coefficients are given by SyjpCyjt/(Q/Q*)1/2, 
computed from the covariance matrix [C], which indicates the correlation between the 
j th and kth fit parameters.
If the above criteria are met, we can conclude that the best-fit model probably 
represents the physical reality of the sample reasonably well. It is better to confirm or 
prove the ellipsometry results by comparison with data from other experimental 
methodologies.
2.2.2 Setup of ellipsometry
Figure 2.3 is the schematic diagram of the spectroscopic ellipsometer (VASE, J. 
A. Woollam Co., Inc.). It is a rotating analyzer ellipsometer, which has a 
configuration as follows:
Source=>Polarizer=>Sample=>Continuously Rotating Analyzer=>Detector
The input polarizer serves to linearly polarize the beam incident on the sample, 
and the combination of rotating analyzer and detector allows the measurement of the
;  1 S!Pimod 3<praod 1 SA foi 94mod_______*______ I___ _|_______ I_____ I
i l * h  dak dal <?\i dak dal
(2.10)
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polarization state of the reflected beam.
Rotating analyzer 
with Si detector
Figure 2.3 The J. A. Woollam Co., Inc. Variable angle of incidence spectroscopic 
ellipsometer (VASE).
2.2.3 Dynamic scan of film swelling by ellipsometry
Figure 2.4 shows a diffusion cell equipped with two optical windows. The 
incident angle was fixed at 75°, which is close to the Brewster angle of the silicon 
substrate. The two optical windows are perpendicular to the direction of light 
propagation, to minimize the refraction of the incident light in water. The wafer was 
held down by a sample holder (not shown in Figure 2.4). The thickness and optical 
constants of dry films were measured in open air (25°C) before film hydration. To 
run a dynamic scan, the sample wafer was initially aligned in the dry diffusion cell 
and the wafer was set at a fixed position for long term measurements. Then a series 
of repeating scans was run after the cell had been filled with water to take 
measurements at the solid-water interface. A typical scan covers a wavelength range 
of 350-500 nm. The bulk water above the polymer film was treated as an infinite 
phase and the refractive index of the water phase was taken from the literature 
[Schiebener and Straub 1990]. The temperature of the cell was controlled by two 
circulating water baths attached to the wall of the cell.
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Detector with Rotating Polarized light from
analyzer Monochromator
Coated silicon wafer
Figure 2.4 The cell for swelling experiments in ellipsometry scan
Ellipsometery can make two kinds of dynamic scans at a fixed angle. The first is 
by running the ellipsometer at one or a few fixed wavelengths. The scan starts with a 
steady line from the reflection at the air-polymer interface. Once water is added in the 
swelling cell, Hf and A change immediately to respond. This sensitivity obviously 
makes it very useful in studying rapid swelling. However, the data from this method 
can be difficult to analyse because of the limited sets of XF and A measured.
The second method is to scan 'F and A over a range of wavelengths. The 
measured 'T and A make fitting more accurate than with the first method. The 
drawback is that a typical scan usually takes over 40 seconds. However, it still works 
well in measuring slow kinetic processes, such as long term polymer swelling and 
film growth.
2.3 Weighing method for bulk polymer film
The swelling of bulk polymer film in water was measured at 25°C. After 
annealing and measuring thickness, the pre-weighed dry polymer film coated on the 
silicon substrate was immersed in deionised water (25°C) for swelling measurements. 
The polymer film together with its substrate was removed from water regularly, dried 
with filter paper and weighed on an electromicrobalance with a resolution of 0.1 mg. 
The measurement was stopped once the weight was constant. The fraction of water 
uptake, M/Mco, was calculated as:
where Mt is the weight of water uptake at time t, M«, is the water uptake when the 
swelling reached equilibrium, Wd is the weight of the dry sample, Ws is that of the 
sample at time t and We is that of the sample at equilibrium state.
2.4 Data analysis for swelling from ellipsometry 
measurement and weighing method
The swelling behaviour of polymer samples is directly related to the changing 
rate of water content in polymer matrix. From ellipsometry measurements, the
thickness and optical constants of polymer need to be converted to the volume
fraction of polymer and water. A model is then selected to describe the swelling 
process of this polymer film, in which some parameters are fitted to obtain a well 
matched model and polymer swelling behaviour.
2.4.1 Data analysis for swelling
Water distribution in the PC polymer film dominates the calculation for water 
content in the said film. The dry PC polymer film coated on a silicon wafer was 
treated as a uniform single layer after annealing. The uniformity of the annealed PC 
polymer film has been confirmed by our neutron reflection and ellipsometry 
measurements. As water diffuses into the PC polymer film, several possible factors 
could affect the film uniformity: 1) the existence of a concentration gradient of water,
2) a very rapid change in the dimension of the film at the beginning of film hydration,
3) the submicron structure in the thin PC film, such as that caused by the substrate 
effect.
The PC polymer is an amphiphilic copolymer, which can uniformly keep water in 
its matrix, even though it contains hydrophobic chain inside. As the films are thin 
(800 to 10000 A), water could diffuse to the opposite end of the film within a fraction 
of a second. It is difficult to detect the water front and/or a sharp concentration 
gradient. Although there is a big deformation in film hydration, the cross-linked 
network can still keep the PC film uniform. Information regarding the 
inhomogeneous distributions within polymer films will be discussed in Chapter 3.
Some further assumptions need to be made during data analysis. 1) For water 
diffusion in thin films, the water diffusing and film swelling are perpendicular to the 
plane of the film. 2) The area of polymer contacting with water is much bigger than
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the edge, so the edge effect of the film can be ignored [Crank 1975].
The water in the polymer matrix can be classified as bonded water and free water 
[Cha et al. 1993]. However, it is not quite clear which type of water and how much 
contributes to the film swelling. We thus assume that all the absorbed water
contributes to the film swelling and any differences will not affect this work. Ignoring
the edge effect during swelling, the thickness increase (L) of polymer film can be an 
indicator to show water content (C^ter) within the film, i.e. L oc Cwater. The 
instantaneous volume fraction of water, in a given area is:
. V - V 0 L - L 0
fw = ~ ~  = - J 1  (2.12)
where V and L are swollen film volume and film thickness, respectively, and V0 and 
Lo are dry film volume and film thickness, respectively.
Thus the water uptake {M/Moo) by polymer film can be expressed as below:
M, _  p J J  _  L - L 0
M a p j wj r .  I * - I ,  '
V = AL V„=ALa (2.14)
Here, Mt is the mass of water absorbed at time t, Mm - the water amount absorbed 
at equilibrium, p v - the density of water, fiv - the volume fraction of water at time t , f v>00 
- the volume fraction of water at equilibrium, V - the volume of swollen polymer film, 
Vco - the equilibrium volume of swollen polymer film, L - the thickness of swollen 
polymer film, - the equilibrium thickness of polymer film, Lo - the thickness of dry 
polymer film. In equation (2.14), A is the area of polymer film contacting with water, 
which is assumed not to change with polymer swelling. The second expression of the 
relationship between water uptake (M/M») and film thickness is finally deducted by 
substituting equation (2.14) into equation (2.13).
The optical constants from ellipsometry measurements are parameters which 
characterize how a polymer will respond to excitation by an electromagnetic field at a 
given frequency. This is defined as a complex dielectric constant, s. It can be 
expressed as:
27
8 - { n Jr i k )  2 (2.15)
where n is the refractive index, and k is the extinction coefficient. Most of the PC 
polymer films of interest in this study are transparent, especially in the case of films in 
water, thus the extinction coefficient (k) is zero and s  equals n2.
From the homogeneous model of water in polymer films, a simple relationship 
between the volume fraction of water and polymer, and the optical constants can be 
approximated by equation (2.16) [Bom and Wolf 1997].
The calculated f w from equation (2.16) can also be used in the first part of 
equation (2.13) to work out the water uptake, which was found to be consistent with 
the results obtained by thickness calculation, except in the case of a very thin film 
(Chapter 3).
2.4.2 Coupled diffusion and relaxation model 
The concept of diffusion and relaxation
As polymer swelling is a direct consequence of water diffusion in a polymer film, 
it is necessary to interpret the swelling behaviour of a polymer film through the 
concept of water diffusion.
The mathematical theory of diffusion in isotropic substances is based on Fick's 
first law of diffusion [Crank 1975, Crank and Park 1968]:
where F  is the rate of transfer per unit area of section, C - the concentration of 
diffusing substance, x - the pace co-ordinate measured normal to the section, and D is 
the diffusion coefficient.
Considering the diffusion in one direction only, provided that D is a constant, the 
fundamental differential equation of diffusion takes the form of Fick's second law of 
diffusion.
(2.16)
n 2 + 2  n 2
(2.17)
dC _ D d2C
dt dx2
(2.18)
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Diffusion phenomena in glassy polymer/fluid systems can be classified as two 
extreme situations, Fickian diffusion and Case II diffusion. The widely accepted 
understanding of Case II diffusion believes that as a polymer contacts with fluid there 
is a moving penetrant front. The penetrant concentration increases to the rear of this 
front with time until the polymer layer is frilly relaxed and reaches equilibrium 
[Thomas and Windle 1981, Hassan 1999].
Bagley and Long [1955] first observed that the sorption process of acetone in 
cellulose acetate exhibited a two-stage behaviour, in which an ‘initial state’ 
corresponding to molecular rearrangements could occur almost instantaneously with 
diffusion, followed by a stage of slower response, leading to a final equilibrium. The 
similar phenomenon of an initial rapid uptake and a very rapid growth of the polymer 
dimension in the initial stage of swelling was observed by several researchers [Drake 
and Bohn 1995, Kim et al. 1993, Liang et al. 1983].
The internal stress induced by a penetrant is usually considered to be the driving 
force of polymer swelling. A model describing the concentration varying with time at 
the surface was established to explain the two-stage sorption process [Long and 
Richman 1960], which is relevant to the stress-relaxation of the polymer structure. 
Crank [1953] proposed a model which assumed that the swollen layer underwent an 
instantaneous elastic expansion in proportion to the concentration of solvent absorbed, 
but was held in compression by the glassy core. Thomas and Windle [1980] gave a 
deformation model for Case II diffusion: to respond to an osmotic swelling stress as 
penetrant molecules enter a layer of glassy polymer from the penetrating front, the 
creep of the polymer glass occurs autocatalytically. Van der Zeeuw et al. [1996] 
proposed that this very fast initial growth resulted from a relaxation mechanism, a 
quick response to a driving force for deformation.
Anomalous diffusion, a combination of Fickian and Case II diffusion, can occur 
[Alfrey et al. 1966] according to the relative rates of diffusion and polymer relaxation, 
with a wide range of different relative contributions of comparable diffusion and 
relaxation rate. Barens and Hopfenberg [1978] used a coupled diffusion and 
relaxation model involving a linear superposition of first order relaxation terms upon 
the Fickian diffusion equation, and successfully applied this to sorption data for vinyl 
chloride, acetone, and methanol in PVC and for n-hexane in polystyrene.
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A coupled model for description of anomalous diffusion
The model used in the description of water diffusion in the PC polymer is an 
anomalous mechanism according to Berens and Hopfenberg [1978]. They have 
assumed that: i.) The polymer film is placed in an infinite bath of water; ii.) The 
diffusion of water is perpendicular to the film surface; iii.) The effects of diffusion at 
the edges of the film are not taken into account. The diffusion coefficient (D) is 
considered to be constant throughout the swelling process. This will bring in errors, 
as will be discussed later. According to Berens and Hopfenberg the sorption process 
in glassy polymers is considered to be the linear superposition of Fickian diffusion 
and first-order relaxation. For a plane film [Crank 1975], the Berens and Hopfenberg 
model can be expressed as:
and Mt is the water uptake at time t, Mao is the water uptake at the equilibrium state, 
and and / rj are the fractions of contributions from the Fickian diffusion and 
relaxation processes, respectively, at time t, / is the film thickness, and k^t is the 
respective relaxation rate constant.
Due to the thickness change of PC film during swelling in water, the diffusion 
coefficient in equation (2.20) needs to be corrected by equation (2.22) [Crank 1975]. 
Vs is the equilibrium volume fraction of water in polymer.
The parameters of equations (2.19) and (2.20) have been obtained by fitting 
experimental data. Using initial trial values of fcF, D ,/^ , and selected from a plot 
of experimental M/Moo data versus t}/2, the nonlinear model was fitted by minimizing
terms were selected and plotted. Since the relaxation processes are size independent 
and the parameter kF is reversely proportional to 72, for the thin polymer films used, &F
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8 y  1
®2 n=0(2« + l)2
exp(-(2n + \)1kFt) + £  fR i [1 -  exp(-ifti-0] (2.19)
where
kjf=47? D/P (2.20)
fw  = 1 -  Z  fR ,i (2.21)
D = Dv( \ - V s f (2.22)
the least-squares residuals (%2). In the fitting model of equation (2.19), two relaxation
»  &R,i [Berens and Hopfenberg].
2.4.3 Parameter fitting in coupled model
Similar to the model fitting to ellipsometry data, the problem of fitting the 
coupled model can be simplified to finding a set of values for the variable model 
parameters which yield a single unique absolute minimum of %2. The Levenberg- 
Marquardt method [William 1992, J.A. Woollam] is used in the minimization 
procedure, which is the standard of nonlinear least-squares routines.
In this section, the measured data points are denoted as yi, where y, is either the 
water uptake (M/Mco) or the measured vFexp and Aexp in ellipsometry. The 
corresponding value calculated from the model is denoted y(xj; a), with x* 
representing all known model parameters (such as the known film thickness, 
wavelength, known optical constants, etc.) and the vector a consisting of all variable 
model parameters. Thus, each element of a is a variable parameter such as fractions 
of contributions from the Fickian diffusion or relaxation processes, or a layer 
thickness or optical constant in ellipsometry fitting. Each a will be denoted aj, where j 
ranges from 1 to M, the total number of variable parameters. Finally, cri will denote 
the standard deviation of the ith data point.
The model to be fitted is
y  = y ( x ; a ) (2.23)
and the x2 merit function is:
(2.24)
The gradient of x2 with respect to the parameters a, which will be zero at the x2 
minimum, has components:
Taking an additional partial derivative gives:
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a2* 2
dauda,
N
= 2I
/=! dak dai dakda[ j
(2.26)
It is conventional to remove the factors of 2 by defining:
A = 4 9 r2 da i a ki - r
1
2 daffdai
(2.27)
By introducing a "fudge factor" X, the Marquardt parameter, we can calculate the 
adjustments of the variable parameters given below:
So I = 4Aa Pin
We now define a matrix [a5] as follows
ccjj = ctjj ( 1 F X ),
ccjk^ctjk ( i f j * k ) ,
and have the linear equations:
(2.28)
M
= Pk
/=!
(2.29)
A typical approach of the Levenberg-Marquardt method in the data fitting is 
shown in Figure 2.5. The initial guesses of fitted parameters were obtained from a 
pre-drawn graph by the coupled model compared with the experimental data. 
Meanwhile, a set of widely separated initial guesses was tried to ensure that the best- 
fit minimum was located at the true minimum. The minimum bound set in this 
procedure is the improvement of x2 less than 0.1, after which iteration will cease.
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Levenberg-Marquardt Method
Figure 2.5 Flowchart of data fitting for coupled model
2.5 Neutron reflection
Specular neutron reflection is a powerful technique for studying surfaces and 
interfaces and can provide detailed information about the composition and density 
gradients of samples [Penfold and Thomas 1990, Russell 1990]. Since neutron 
reflection was first introduced in film studies, this technique has been developed as a 
molecular-scale probe with applications to study various interfacial structures of 
surfactants, proteins and polymers [Hayter et al. 1981, Felcher 1981]. In applying 
neutron reflection in biopolymers, we expect to extract information about the fine 
structure of the polymer film as well as detailed drug distribution information in dry 
and swollen polymer films. This is hard to observe by conventional methods, partly 
because of the buried structure in polymer films, and partly because of the difficulty
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in distinguishing polymer from water.
In this section, the theory of neutron reflection, instrumental setup of neutron 
experiments, sample preparation, and neutron data interpretation will be introduced.
2.5.1 Theory of specular neutron reflectivity
Neutron reflection and refraction at an interface behaves exactly the same as the 
other electromagnetic radiation such as light and X-rays. The state of the neutron 
particle can be determined by the Schodinger equation (2.30) in non-relativistic 
quantum mechanics:
ft
- — V*V+Vv = E V (2.30)
where m is the mass of particle, E  is energy, and y/ is the neutron wave function. The 
term V is the Fermi pseudopotential which represents the interaction of a neutron 
positioned at r with a nucleus positioned at Since the incident neutrons form a 
plane wave they interact with the whole assembly of nuclei which comprise the 
medium. The total Fermi pseudopotential for a coherent elastic scattering is given by:
<2-3 i)
where bj is a constant for nucleus j, known as the coherent scattering length. The 
delta function is defined as being zero everywhere except r — rj where it is unity. The 
mean potential experienced by the neutron is dependent upon the chemical 
composition of the medium as represented by the mean scattering length density 
(SLD) of the medium, p,
P  = nj bj (2.32)
where tij is the mean number density of species j.
Specular neutron reflection from an interfacial system can be analysed by the 
optical matrix method, which has been used in ellipsometry analysis [J.A. Woollam], 
or by other methods. The optical matrix method calculates the reflectivity using a 
model of a series of uniform layers and compares it with the observed experimental 
results. Using this method a simple case can be analysed which is composed of a 
single homogenous layer on a substrate.
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Figure 2.6 shows a neutron beam incident on a single homogenous layer of 
thickness, d. There are, in principle, an infinite number of reflected and transmitted 
beams, however, the splitting of the beam into reflected and transmitted components 
at each reflection quickly reduces the amplitude of the subsequent reflections such 
that eventually the reflected and transmitted beams die out. Also, any absorption 
within the layer will attenuate the beams as they propagate in the layer.
Figure 2.6 The reflection and refraction of incident neutron beam at a layer of polymer film 
(j=l) of thickness d, on a substrate (j=2)
Considering the effect of multiple scattering, the Fresnel reflectivity of this single 
layer shown in Figure 2.6 is given by:
-2/AR _ r j+ r 2 exp 
1 + rxr2 exp-2i^
(2.33)
where ry is given by r7 = ( rij+i - tij) /  ( nj+i + rij), nj is the neutron refractive index of 
the yth layer and is related to the neutron scattering length density, pz, by the 
relationship:
n , =  l - ^ z -  (2.34)
1 I n
In equation (2.33), P is the phase term to describe the change in phase of the 
beam on traversing through the layer, such that:
P \ = n ' d \ sin6>i (2.35)
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As can be seen, the phase change includes information about the layer thickness, 
d. The exponential terms in (2.33) are used to describe diminishing intensity of the 
multiple reflected waves. This method of calculation of the reflectivity can be 
extended to more than one discrete layer, but quickly becomes mathematically 
cumbersome.
2.5.2 The measurements of neutron reflection
The essence of a neutron reflectivity experiment is to measure the specular 
reflection as a function of the scattering vector Q, perpendicular to the reflecting 
surface [Bucknall 1999]. Q is inversely related to the neutron wavelength via the 
relationship:
Ajr
e  = — sin*  (2.36)
X
where 0 is the angle of incident beam and X is the neutron wavelength. Put simply, 
the neutron reflectivity, R(Q), similar to the ellipsometric reflectivity, is a ratio of the 
reflected to incident beam intensities:
R(Q) = [rg^}_(2.37)
hndQ)
Measurements of reflectivity as a function of Q can be achieved either by 
scanning a range of incident angles using a monochromatic beam, or by using a 
pulsed beam with a wide band of wavelengths, which is from synchrotron pulsed 
neutron sources at a fixed angle.
Most of the neutron reflection experiments in this thesis were run on two neutron 
reflectometers, CRISP and SURF instruments, at Rutherford-Appleton Laboratory 
(RAL), ISIS, Didcot, UK. Part of the data was obtained from NIST (National 
Institute of Standard Technology, USA). At RAL the pulsed neutron source provides 
a broad band or white polychromatic beam and uses time-of-flight (TOF) to determine 
0 at fixed angle, whereas at NIST, a fixed wavelength reactor source produces 
monochromatic beams varying 0 to give the required Q range.
Before starting a neutron reflection experiment, by way of illustration, a 
description of the reflectometer, CRISP, at RAL shall be given. In principle, SURF is 
very similar to CRISP except for some accessories.
Figure 2.7 shows a schematic diagram of the CRISP reflectometer. Neutrons are
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produced by a process called spallation in which pulses of high energy protons hit a 
tantalum target. Moderators of liquid hydrogen at 25 K then surrounded the target to 
moderate the neutrons to energies that are experimentally useful. The moderated 
neutrons are cut by a double set of choppers to give a wavelength range and to 
suppress the background levels. The incident beam from the source, at a wavelength 
range of 0.5-6.5 A is well collimated by coarse and adjustable fine collimating slits to 
give variable beam size and angular divergence, with typical dimensions of 40 mm 
wide (horizontal direction) and up to 10 mm in height (vertical direction).
Solid films and solid-liquid samples can be easily studied by the use of a 2 arc 
goniometer stack and a height adjustable sample position. The motions of the sample 
position are highly automated allowing precision control and high degree of 
reproducibility. A 3He single detector and a 1-D position sensitive multidetector are 
in the end part of the reflectometer.
Figure 2.7 Schematic diagram of the CRISP reflectometer
As can be seen in Figure 2.7, two slits before the sample determine the beam size 
both vertically and horizontally. A scintillation detector behind the second slit is used 
to monitor the beam profile and intensity. Combining the obtained intensity of the 
neutrons and the ‘time-of-flight’ (TOF) of neutron from target to monitor, the neutron 
energy and ultimately wavelength can be worked out. Coincidentally, the IinC(Q) of
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equation (2.37) can be obtained. Slits 3 and 4 are used to prevent the transmitted 
beam from hitting the detector and to suppress the background noise as well. Again 
using TOF method, at the detector, the intensity of the neutrons is measured, and gives 
Iref(Q) of equation (2.37). Reflectivity R (Q ) is determined with the values of incident 
and reflected intensity.
2.5.3 Sample preparation
Typical sample geometries used for the polymer in neutron reflection are air- 
liquid, air-solid and solid-liquid. The setup chosen depends on the type of 
reflectometers and the properties of the samples of interest. In Rutherford Appleton 
Laboratory, the reflectometers adapt a small angle beam (1.5°) allowing the samples 
to sit horizontally. The biopolymers in this study are in the solid state even in 
hydration, so that the setup for air/solid and solid/liquid are the most common and 
convenient way to carry on our experiments.
Neutron reflectivity measurements for a dry polymer film coated on a silicon 
block (air/solid type) are carried out by placing the coated block onto the sample 
plate. The air is treated as a medium, whereas the silica is treated as substrate.
It is possible to study the buried interface in a complex environment, such as the 
solid/liquid interface, because of the penetrating power of neutrons. Figure 2.8 shows 
the schematic setup for neutron reflection measurements at the solid-liquid interface. 
The reason for choosing silicon as a medium is because of its low neutron scattering 
length density, its almost transparency to neutrons, and relatively low cost.
Silicon block
Polymer film
Figure 2.8 Solid-liquid cell of polymer in water for neutron reflection
D2O or a drug solution is held in the Teflon cell and contacts with the polymer 
film coated on the silicon block surface. Both the silicon block and the trough are
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clamped together tightly between two steel bases. On the each end of the Teflon 
trough, two holes are drilled for conveniently changing solution during experiments.
Polishing the silicon block
Preparing the silicon block as a substrate is the first step doing neutron 
experiments. On a lapping machine, the silicon block of 25 x 50 x 150 mm3 was first 
lapped with a diamond emulsion on a spin copper plate, then with a mixture of 1 
micron diamond emulsion and deionized water on a mat plate. As the bigger 
scratches from lapping disappeared, a smaller size diamond particle emulsion (1/10 
micron) was used to continue the polishing till the scratches could not be detected by 
eye. The fine-polished block surface has a roughness of 3 ~ 4 A.
Cleaning the polished silicon block
The polished silicon block was immersed in 5% Decon solution for lhr to clean 
any residues of organic chemicals from the diamond emulsion. Then a Pirahna 
solution composed of 95 parts of concentrated sulfuric acid (98%) and 5 parts of 
hydrogen peroxide (29%) was used to clean any further organic traces on the block 
surface. The block was then clamped on a Teflon frame and immersed in Pirahna 
solution at 90°C for 5 minutes, then rinsed with large quantity of deionized water and 
left for drying. This procedure ensures a fully hydrophilic block surface.
Coating polymer film on silicon block
Either the spin- or dip-coating can be used to make a homogenous film on the 
surface of silicon block. In our lab, the dip-coating method has been explored and 
utilized [Murphy et al. 1999]. Filtration of the polymer solution or drug-polymer 
solution in hexane and ethanol (1:1) as a pre-treatment is required to remove the 
particulates of undissolved PC polymer since this greatly affects the quality of the 
coated films. Another important factor affecting the coating quality is the rate of the 
motor to drag the block. A motor rate of 5 mm/s (3 V on the electricity control meter) 
was found to coat a uniform film. After dip-coating the block is kept in dessicator 
overnight.
The annealing process can reduce the voids in a polymer sample and further relax 
the strain in a polymer matrix caused by dip-coating. Temperatures of 50 and 150°C
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were used over 3 hours to anneal PC polymer, then the coated block is left in the 
vacuum oven to cool down naturally. The thickness of coated polymer is determined 
by ellipsometry measurement for a later comparison with neutron reflection result.
2.5.4 Data analysis and fitting in neutron reflection 
Method of data analysis
Direct Fourier transform can invert R(Q) data into scattering length density, p(z), 
and hence volume fraction profiles for very thin layers and at large Q values. This 
method is known as the kinematic approximation.
For thick films, data is interpreted by a method similar to that used for 
ellipsometry. According to the pre-assumed parameters, the R(Q) profile is calculated 
by the proposed model, using the matrix methods given in Section 2.5.1. The data 
and fit are then compared and deviations of the fit minimised by altering the 
parameters of the model.
Although the true structure of the measured system is unique, it is possible that 
there are a number of models that could fit the experimental data, especially if the 
number of parameters is large enough to allow this to happen. The solution of 
achieving the unique answer can be done by different ways. One way is to vary the 
scattering length density of the film of interest or the contrast solutions by replacing 
the isotopic composition, which ensure that an unambiguous model of the interface is 
obtained. Another way is to check the chosen models by any additional information 
from complementary techniques (ellipsometry and x-ray) and pre-knowledge about 
the system.
The fitting programs used in this work are Parratt32 (Version 1.5.0) and Datafit. 
Parratt32 is based on the method of dynamical approach [Parratt 1954], which uses 
stratified media, hence only considers the refractive index difference perpendicular to 
the surface. Roughnesses at the interfaces are included in the Fresnel coefficient as 
suggested by Nevot and Croce [1980]. The Fresnel reflectivity is modified by 
roughness as an exponential factor, so that reflectivity is very sensitive to interfacial 
roughnesses. Compared with Datafit, a standard optical matrix model, Parratt32 gives 
comparable results. It is an automatic fitting program, and is also more flexible and 
easier to use.
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Structural analysis of polymer films
The structural information about a polymer film obtained from neutron reflection 
includes: some detailed structure of the polymer layer near the substrate and at the air- 
polymer interface, water distribution across the polymer film, i.e. the volume fraction 
of water and polymer in each sublayer, drug distribution in the dry and swollen 
polymer film, and also the slow structural change of swelling polymer film.
The fitted parameters, like scattering length density (pi) and thickness (x;), for a 
layer are related to the volume fractions of polymer (<j>p) and water ((|)w) by the 
following equation:
p i— Pp^ p 4" Pw^ w (2.38)
where pp is the SLD of the polymer and pw is the SLD of water. The total volume 
fraction should be equal to one:
<t>p + <|>w = 1 (2.39)
Assuming no polymer degradation or solution as water penetrates into the cross- 
linked polymer matrix, and ignoring the expansion of polymer film along its surface, 
the thickness increase of polymer film is proportional to the water volume fraction in 
the polymer [Chapter 3], However, for thin films, especially of monolayer order, large 
deviations could result [Murphy et al. 2000]. The suggested reason for this is, at the 
level of several nanometers, the space among polymer chains or segments must be
taken into account when the volume change of polymer layer is explained. Another
possible reason to be noted is the water interaction with the hydrophilic and 
hydrophobic segments of polymer chains, which control how far water molecules 
could be kept from the polymer chain, hence, how much water is in between the 
spaces of the polymer.
2.6 Drug release experiment
The explorations of the methodology of drug loading into, and release from the 
drug carrier have been paid great attention in drug release and drug delivery study. 
Some technologies like microencapsulation and nanoparticles have become well 
established and have been widely used in many fields [Donbrow 1991].
The way of drug loading directly impacts oil the drug release pattern [Lee et al.
1997]. Meanwhile, various factors, such as polymer chemical composition, polymer 
morphology and drug-polymer interaction, can affect the drug release rate and release 
pattern from the polymeric matrix as well. For example, cross-linking in a PC 
polymer can occur in a separate processing step after the branched polymer is formed. 
Thus, controlling the degree of cross-linking can provide many possibilities to 
manipulate the manner of drug loading and adjust the drug release rate.
As one of the selective designs for the coatings on the arterial stents, a very thin 
coated PC film needs to be prepared on the stent surface. Thus it becomes a key 
technique that the drug is loaded in such a thin film that may be hard to hold an 
effective amount of drug inside and last for an expected period. In this work different 
methods of drug loading have been checked and a new drug release cell was designed, 
which could be used to monitor film change and drug release by ellipsometry and UV 
spectrometry simultaneously.
2.6.1 Drug loading
The ways the drug loading was used in the polymer film include: 1) dissolving 
the drug in polymer solution, then coating, and 2) soaking the polymer film in drug 
solution.
Dissolving the drug in polymer solution
In this method, the pre-weighed drug was dissolved in a polymer solution of 
hexane and ethanol, and the solution was left overnight before use. A clean silicon 
wafer was dipped into the solution using the method developed in our laboratory 
{Murphy et al. 1999]. The dip-coated film was annealed at fixed temperature, 50°C 
or 150°C, before it was used for drug release or ellisometry measurements.
Thiamine hydrochloride has a very low solubility in hexane-ethanol solvent, and 
angiopeptin can be easily damaged at high annealing temperatures, so both of them 
could only be loaded into the polymer film by the second method.
Soaking polymer film in drug solution
The dip-coated polymer film was annealed at 50°C or 150°C for three hours. 
Then the prepared polymer film was immersed in the drug in water solution for one 
week, to allow the polymer film to be fully equilibrated. The soaked film was dried at
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room temperature under vacuum overnight.
2.6.2 Release experiment
The setup of the drug release cell is shown in Figure 2.9. The silicon wafer 
coated with polymer film was clamped between a plastic cell and a base by screws. 
The plastic cell has an open window towards the polymer film and a Teflon ring is 
used to prevent it from leaking. Surrounding the cell are the two "heaters” made of 
copper boxes which keep the temperature of solution in the cell at 37°C. The tubing 
on the top of the cell is used to take sample solutions from the cell by pipette or is 
pumped to the cuvette in a UV spectrometer, which can tell the drug concentration 
change simultaneously. The whole system is airtight during the drug release 
experiment to prevent water from evaporating.
tubing
cell pH7 buffer 
rubber ring — “
stir bar
base L
stirring plate
thermometer
water bath in 
the outside
coated silicon wafer
Figure 2.9 Drug release cell
2.7 Materials Used in Experiments
2.7.1 PC polymer
Phosphorylcholine containing polymers were obtained from Biocompatibles Ltd. 
The structure of PC polymer is shown in Scheme 1. The compositions of these 
polymers are listed in Table 2.1, including 2-methacryloyloxyethylphosphorylcholine 
(MPC), lauryl methacrylate (LM) (98%, Aldrich), 2-hydroxypropyl methacrylate 
(HPM) (96%, Aldrich) and trimethoxysilylpropyl methacrylate (PC100B) (98%,
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Aldrich). PC 100A has a similar structure to PC100B, but has no silyl cross-linking 
group. Both PC100A and PC100B have the same ratio of hydrophilic moiety to 
hydrophobic moiety, approximately 1:2. PC100C has almost the same structure as 
PC100B with the same silyl cross-linking group. However, PC100C possesses a ratio 
of hydrophilicity to hydrophobicity of 2:1, with more PC heads in polymer.
The synthesis of deuterated PC100B is the same as that of the synthesis procedure 
of hydrogenated PC100B. The only difference is the use of deutrated lauryl 
methacrylate monomer instead of a hydrogenated one.
Blend polymers, PC82 and PC64, were made by dissolving PC100A and PC100B 
with different ratios in the solvent of hexane and ethanol (1:1, volume ratio). The 
cross-linking reaction of PC100B in blends can still occur as when pure PC100B was 
annealed. However, the PC 100A chains could not join the cross-linking process, and 
could only be captured among the network formed by PC100B.
Table 2.1. Polymer samples used in this study
Polymer Composition (molar percentage) Curing condition
PC 100A k = 23,1 = 47, m = n = 0
PC100B k = 23,1 = 47, m = 25, n = 5
PC100C k = 47,1 = 23, m = 25, n = 5
PC 82 PC100B : PC100A = 8 :2
PC64 PC100B : PC100A = 6 :4
Annealed at 50°C and 160°C
Annealed at 50°C, 100°C and 150°C, 
respectively
♦Another treatment adopted is gamma radiation after annealing at 70°C
The scattering length density of each component in PC polymer was calculated 
directly from the molecule structure (scheme 1) using the following equation:
y  n.b.p = ^ - L - L  (2.40)
where is the number of ith species with scattering length of b\ and V is its total 
volume. The numbers of each isotope in the molecule were counted and multiplied by 
their respective scattering lengths, listed in Table 2.2. The volume of the molecule 
was calculated from the density, which is estimated by the software of Molecular 
Modeling Pro. (ChemSW TM).
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Scheme 1. Structure of PC polymer
Table 2.2. Scattering lengths of the elements and isotopes 
____________ found in drugs and polymers____________
Element of Isotope Scattering Length (b)/IO'5 A
H -3,74
D 6.67
C 6.65
N 9.40
0 5.80
Si 4.15
P 5.10
2.7.2 Buffer solution
During the drug release experiments, the solutions were kept at a controlled pH 7 
using a sodium phosphate buffer (Na2HP0 4 /NaH2P0 4), keeping the total ionic 
strength fixed at 0.02M. Some of the film swelling experiments were carried out at 
pH 5 and pH 1 1  buffer. Here the pH 5 buffer was made from NaH2PC>4 and H3PO4. 
The pH 11 buffer was made by adding NaOH solution drop wise into 
Na3P0 4 /Na2HP0 4  buffer to adjust the pH to 11.
The refractive indices of these buffers were measured using ellipsometry from 
350nm to 700nm by a standard wafer with a known thickness and refractive index. 
Due to the very small ionic strength of these buffers, the buffer refractive indices were 
found to remain within error the same as those for pure water. A standard silicon 
wafer, whose refractive index and thickness was pre-measured at the air/solid surface, 
was used to calibrate the fitting procedure.
2.7.3 Drug solution
In this work, the drugs used are listed in Table 2.3 and their structures shown in 
Scheme 2. Caffeine and thamine are used as model drugs here, and dipyridamole is a 
drug used to relieve the heart muscle. Angiopeptin, a drug used for limiting the 
smooth muscle growth, is an octapeptide amide containing the synthetic amino acids 
3-(2-naphthyl)-D-alanine(D-Nal) and D-tryptophan (D-Trp). This octapeptide is 
partially cyclic, with a disulfide bridge connecting the two side chains of the cysteines 
in position 2 and 7.
Except for dipyridamole, the other three drugs are easily dissolved in water. The 
saturated dipyridamole solution was made by filtrating the drug-water or D2O mixture 
to remove the yellow particles of dipyridamole. The scattering length density of 
dipyridamole was found to be 2.17 x 1CT6 A'2.
Table 2.3. Properties of drugs loaded in PC polymer film
Drug Properties
Caffeine (CRC) White needles, m.p. 238 °C, slightly soluble in water and ethanol.
Thiamine Monoclinic plates, m.p. 233 °C, very soluble in water, slightly
(CRC) soluble in ethanol.
Dipyridamole Deep yellow needles, m.p. 163 °C, slightly soluble in water, very soluble in methanol, ethanol and chloroform.
Angiopeptin White crystal, soluble in water
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H,C
N
N
I
CH3
ch 3
Caffeine
ch2-c h 2-o h
Cl Thamine
hoh2ch2cn
HOH2CH2C'
ch2ch2oh
ch2ch2oh
Dipyridamole
H-D-Nal-Cys-Tyr-D-Trp-Lys-Val-Cys-Thr-NH 2 Angiopeptin
Scheme 2. Structures of the drugs used in release experiments
2.7.4 Other materials
Silicon wafer with a thickness of 20 to 25A oxide layer were purchased from 
Compart Technology Ltd., and cleaned by diluted basic Decon and rinsed with water. 
Water used in experiments was purified by Elgastat UHQ-PS system from Elga Ltd. 
Hexane and absolute ethanol supplied by Fisher were used as received.
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Chapter 3
Study of Diffusion and Relaxation in Thin 
Biocompatible Polymer Films by Ellipsometry
3.1 Introduction
When a solid polymer is in contact with a penetrant solvent, the polymer usually 
swells as the penetrant diffuses into it. The process of diffusion involves the 
transportation of the penetrant molecules into the existent voids or the spaces created 
between the polymer chains during the dynamic movement. Thus, swelling forces 
segmental motion within the polymer, resulting in the increased distance between 
polymer segments. This segmental expansion is often transformed into a macroscopic 
increase of the diameter for polymer particles or of the thickness for flat polymer films.
The transport of water and organic solvents (e.g. methanol, acetone and hexane) 
into model polymers such as poly(methylmethacrylate) (PMMA), poly(styrene) (PS) has 
been extensively studied in the literature [Thomas and Windle 1978, 1980 and 1982, 
Hopfenberg 1969 and 1976, Alfrey et al. 1966, Berens et al. 1978, Enscore et al. 1977]. 
These studies often use polymeric particles or polymer films of the dimension of mm so 
that the basic conditions for Fickian sorption, e.g., the constant concentrations at the two 
boundaries, a steady transport of penetrant, are satisfied [Crank 1975]. In contrast, the 
thicknesses for the coated biocompatible polymer films in biomedical applications are 
usually below a few pm. In addition, biocompatible polymers often contain chemical 
components with a wide range of hydrophobicity. The co-existence of hydrophilic and 
hydrophobic fragments may promote the formation of structured morphology within the 
film that may deter the process of water transport. These limitations imposed by practical 
applications may mean that the swelling of biocompatible polymer films may not follow 
the classical Fickian diffusion process.
As one of the most important drug delivery mechanisms, the swelling of polymer 
hydrogels in an aqueous environment has recently been paid much attention in the field 
of controlled drug delivery [Peppas and Khare 1993, Colombo 1993]. For a given
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polymeric hydrogel, the pattern of its swelling reflects the dynamic process of water 
penetration and hence the encounter of the drug incorporated with water. Thus, by 
altering the swelling of the polymeric carrier, the pattern of drug release may be adjusted. 
The PC polymer to be studied in this work (PC 100B) is an acrylic copolymer containing 
hydrophobic dodecyl chains, and two types of hydrophilic components: 
phosphorylcholine groups (PC) and isopropanol groups. In addition, a few percent of silyl 
cross-linking groups is also incorporated into the copolymer. When the coated films are 
annealed, the silane groups cross-link with the organic hydroxyl groups within the film 
and the hydroxy groups on the surface of solid substrate, resulting in the mechanical 
stability of the film. As already indicated above, the effects at the surface and interface of 
polymer/air and polymer/substrate may promote the segregation of hydrophobic and 
hydrophilic moieties within the film, leading to the formation of lamellar layering or 
other types of aggregation and these microscopic morphologies within the polymeric film 
will constrain the exposure of certain polymeric fragments and slow down their swelling. 
For films coated at room temperature, segregation is unlikely to occur. However, 
annealing will help to release the stress within the films and will promote the segregation 
between fragments to minimise the total free energy. At the same time, increasing the 
annealing temperature will intensify silyl cross-linking and the strengthened silyl network 
will exert further resistance to film expansion. It is useful to examine how the two 
combined processes affect the dynamic process of film expansion and the equilibrated 
water content within the films.
In most of the existing literature studies, the dynamic process of solvent sorption 
is largely monitored by following the change of the weight of polymer films or particles 
with time [Crank and Park 1968, Crank 1975] and information about the molecular 
events has to be inferred from these data. Although these gravimetric measurements 
provide a reasonable estimate about the overall amount of penetrant sorbed into the 
polymer matrix, no information is gained about the distribution of the solvent across the 
polymer and the variation of the structure of the film with time. Techniques such as ion 
beam analysis, FTIR-ATR [Sutandar et ah 1994], magnetic resonance imaging [Ercken et 
ah 1996] and STRAFI [McDonald 1997] are the established methods for concentration 
profiling, but the range of film thickness that is of interest to biomedical coatings as
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already outlined above, falls in the margin of instrumental resolution. A number of recent 
studies have shown that surface plasmon resonance (SPR) [Drake and Bohn 1995 and
1996], neutron reflectivity (NR) [Wu et al. 1995, Lin et al. 1995, Yim et al. 1999] and 
spectroscopic ellipsometry (SE) [Chen et al. 1999, Styrkas et al. 1999] are appropriate for 
studying thin polymer films under an aqueous environment and with thicknesses typically 
less than 1 pm. These techniques allow us to detect any possible uneven distributions of 
penetrants across the thin films.
Ellipsometry is an established technique for monitoring the dynamic and 
equilibrium properties at different interfaces [Chen et al. 1999, Styrkas et al. 1999, 
Tiberg et al. 1999]. In comparison with the conventional ellipsometers using single 
wavelength laser sources, variable angle spectroscopic ellipsometry offers flexibility for 
performing measurements over a range of wavelengths at different angles of incidence. 
Since the thickness of the films studied in this work ranged between a few hundred A and 
1 pm and was comparable to the wavelength range of the light source, ellipsometry was 
ideally suited for the characterisation of these polymer films.
The investigation of the dynamic and equilibrium properties of PC 100B films is 
part of a continuing interest in the characterisation of this type of hydrogel. In a previous 
work the surface biocompatibility of this polymer has been studied [Murphy et al. 1999 
and 2000]. Films coated over a wide range of thicknesses and under various coating 
conditions were found to be highly effective at inhibiting adsorption of blood proteins. 
Furthermore, it was found that the high surface biocompatibility of the polymer did not 
show sensitive variation with respect to chemical composition, thus making it versatile to 
a wide range of applications. The characterisation of the PC polymer swelling process 
constitutes a major step in our effort to understand this type of zwitteronic polymeric 
biomaterial. Due to the chemical structure of PC 100B, which resembles several 
polymeric hydrogels currently used in biomedical coatings [Lewis et al. 2000 and 2001], 
this work will consolidate the relationship between the molecular structure of the 
polymers and their performance.
52
3.2 Dynamic scan of polymer swelling
3.2.1 Assessment of measurement consistency
A useful check of instrumental consistency is to compare the thickness at the 
air/solid interface with that for the same film determined at the solid/water interfaces. 
This process helps to ensure that the contribution of water as a medium at the solid/water 
interface is taken into account appropriately and the equipment is correctly characterised. 
In addition, since the main swelling occurs within the first 20 minutes of water addition 
as will be seen later, it is important to ensure that the instrumental signal is stable within 
this timescale and beyond. The consistency of instrumental performance cannot be 
examined using films that swell under water and hence PC 100B itself is unsuitable. As 
polystyrene (PS) does not swell under water, PS films coated onto silicon were used for 
this purpose. Figure 3.1 shows the comparison of the first pair o f 'P  and A scans at the 
solid/water interface obtained within the first minute of immersion of the PS film in water 
with that determined after approximately 20 minutes of immersion. These data are further 
compared with a pair* of T  and A measurements converted from the dry film. This second 
data set was measured before water was added, by taking into account the contribution of 
water as the medium. The two sets of data are almost identical, showing a good 
instrumental consistency and stability. The PS film was coated using the same coating 
procedure as described above [Murphy et al. 1999] and was annealed in vacuum oven at 
160 °C overnight.
The thickness of the dry PS film was obtained by fitting a single uniform layer to 
the ellipsometric profiles measured at the air/solid interface and the best fit produced a 
value of 1855 A (shown as continuous lines in Figure 3.1), as compared with 1820 A for 
a PS film in water. In fitting the uniform layers, the dispersion of the refractive index was 
described analytically as:
« «  = « „ + ! - + L -  (3.1)
where X is the wavelength of the beam, and n0l Ci, C2 are the constants obtained from 
data fitting [Chen et al. 1999, Azzam and Bashara 1977, J.A. Woollam company Manual
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Figure 3.1 The ellipsometric angles of T  (a) and A (b) scans against wavelength 
measured at the solid/water interface for a polystyrene film, coated onto a silicon oxide 
wafer, after 20 minutes of immersion in water. The dry polystyrene film was 1850±50A 
thick and was dip coated and subsequently annealed at 150 °C. The continuous lines were 
calculated by using a thickness and refractive index of the dry PS film. The good 
agreement between the calculated and measured data suggests no swelling of the film and 
a good instrumental reliability.
54
1992]. From the fitting of PS data, the refractive indices for the thin film in and out of 
water were found to be the same, despite the change in bulk media from air to water, and 
also taking into account the effect of the cell windows in the fitting process. This 
observation confirmed the absence of water in the film. It should be noted, that for film 
thickness under a few hundred A, r and n are interrelated and it may be difficult to 
decouple rand n from the ellipsometric data fitting [Azzam and Bashara 1977].
3.2.2 Dynamic scan of PC film swelling
Using the experimental procedure established from the PS film measurement, the 
swelling of a thin PC 100B film annealed at 50 °C, was first measured at the solid/water 
interface and its resultant pairs of'P , A are shown in Figure 3.2. Prior to the addition of 
water to the sample cell, measurement at the air/solid interface was made. The data 
fitting produced a dry film thickness of 610 ± 10 A. The thickness together with the dry 
film refractive index enabled us to calculate the equivalent 'F and A profiles against X at 
the solid/water interface at t = 0. This was the hypothetical point at which the bulk water 
was added but at which no swelling had occurred. This set of'F  and A profiles served as 
references for the assessment of the subsequent swelling. As shown in Figure 3.2, the 
large gap between the calculated pair and the first set of the measured profiles (shown 
more clearly in A in Figure 3.2b) indicates that a significant amount of swelling had 
already occurred within the first minute of film immersion in water. The subsequent 
changes in *P and A are less dramatic, showing that after the first minute of contact with 
water, the rate of swelling has slowed down. Figure 3.2 shows that while relatively small 
changes occur between *F, much greater shifts are seen between A. As will be seen later, 
such relative progression in *F and A is more strongly dictated by the dry film thickness. 
It should also be noted that since each scan took about 40 secs the first pair of 'F and A 
profiles represented the average of the changes within this period after film immersion in 
water. As time evolved, the fraction of the time required for data collection became less 
significant and the scans were closer to snapshots.
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Figure 3.2 The variation of'F (a), A (b) with time for the swelling of a thin PC100B film 
annealed at 50 °C with a dry film thickness of 610±20 A. The continuous lines are the best 
fits with structural parameters shown in Figure 4. The dotted lines were calculated 
assuming the film was immersed without any swelling or water penetration. The symbols 
represent the measurements at 1 min. (□), 3 min. (A), 6 min. (*), 16 min. (+), 27 min. (o) 
after water immersion.
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The measured ellipsometric profiles were analysed using the single uniform layer 
fits as outlined previously. The continuous lines shown in Figure 3.2 are the best fits with 
the resultant t  and n shown in Figure 3.3. The volume fraction of water ( fv) within the 
film at a given time t can be calculated from the Lorentz-Lorenz equation using an 
effective medium approximation [Bom and Wolf 1997]
where nw is the refractive index of water (nw = 1.333 at X = 500 nm) and np is the 
refractive index of the polymer at the same wavelength {np = 1.48 at X = 500 nm). 
Alternatively, f w can be obtained from ellipsometric thickness according to equation 
(2.12). The consistency in f w between the two methods will offer some justification about 
the reliability in separating t  from n from the model fitting.
The change of film thickness and refractive index with time is shown in Figure
3.3. In a conventional sorption study, the extent of swelling in terms of weight gain is 
usually plotted against t0 5 to reflect the main feature of the Fickian sorption kinetics 
[Crank 1975], the same approach has also been adopted here. It can be seen from Figure
3.3, that for the dry film of 610 A annealed at 50 °C the main increase in thickness occurs 
within the first few minutes of its immersion in water. Within this region, the thickness is 
almost linearly increasing with t°5, indicating a characteristic feature of Fickian sorption 
at this stage. The large expansion of the film thickness is concurrent with the decline of 
refractive index. The exact volume fraction of water within the layer was calculated from 
equation (2.12) and (3.2), with the resultant f v shown in Figure 3.3c. As can be seen from 
Figure 3.3c, approximately 50% water was incorporated into the film within the first 10 
minutes of immersion. This corresponds well to the doubling of the thickness of the film. 
Saturation of the film was reached after about 20 hours and the final water volume 
fraction (fWiCO) is around 60%.
(3.2)
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Figure 3.3 The change of thickness (a), refractive index (b) and water volume 
fraction (c) with time for the thin PC100B films annealed at 50 (□) and 150°C (o), 
respectively. Also in (c), the water volume fraction calculated from the change of 
thickness during film swelling is shown as (+) from the film annealed at 50°C and 
as (x) from the film annealed at 150°C.
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Similar measurement was made for the film with a dry thickness of 850 A, 
annealed at 150 °C. Again, there is a sharp initial increment of film thickness, 
accompanied by a fast water uptake, though the magnitude of film expansion and extent 
of water uptake within this initial period is much less than the film annealed at 50 °C. 
After this initial period, it took much longer for the swelling to reach equilibrium. The 
final equilibrated water fraction is about 30%, as compared with about 60% observed for 
the film annealed at 50°C. This observation clearly shows the strong effect of annealing 
temperature on the degree of film swelling (expansibility) and the equilibrated water 
content within the films.
As previously indicated, f w can also be calculated from the increment in film 
thickness using equation (1). As t  and n were decoupled from the model fitting, the 
determination off w from t  offers an alternative route for checking the self-consistency of 
the data. The comparison is shown in Figure 3.3c. As can be seen, both sets off yv are in a 
good agreement for the film annealed at 50°C, though the agreement is less good for the 
films annealed at 150°C. The largest difference i n / v is about 10% and the extent of 
deviation indicates the degree of interrelation between t  and n for such thin films. We 
have indicated previously that when film thickness is ultrathin (less than 1000 A), it 
becomes difficult to decouple t  and n based on the data fitting alone, [Guo et al, 1996].
To substantiate these findings and to reduce the extent of interrelation, we have 
carried out parallel measurements using much thicker dry films. As an example, we 
show in Figure 3.4 the plots of \\f and A for a 6000 A dry film annealed at 50 °C against X, 
In this case, both \\f and A show a completely different shape from that seen in Figure 3.2 
for the thin film of 610 A and the progressive changes between consecutive \|/ and A are 
more pronounced. The regular occurrences of peaks allow the progression of the scans 
with time to be followed more easily. To indicate the major expansion at the beginning of 
film immersion, the equivalent \\r and A profiles at t = 0 were also shown in Figure 3.4 
and the large gaps between the calculated pair of \{/ and A and the first pair of the 
measured profiles again indicate the substantial expansion of the polymer fragments. As 
before, these measured profiles were fitted using a single uniform layer model and the 
continuous lines shown in Figure 3.4 are the best fits. The resultant plots of t , n and f w
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Figure 3.4 The variation of (a) and A (b) with time, for the swelling of a thin PC100B film 
annealed at 50 °C with a dry film thickness of 6000±50 A. The continuous lines are the best 
fits with structural parameters shown in Figure 5. The dotted lines were calculated assuming 
the film was immersed without any swelling or water penetration. The symbols represent the 
measurements at 1 min. (□), 3 min. (A), 6 min. (*), 16 min. (+), 26 min. (o) after water 
immersion.
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Figure 3.5 The change o f thickness (a), refractive index (b) and water volume 
fraction (c) with time for the thin PC100B films annealed at 50°C (□ ) and 150°C 
(o), respectively. Also in (c), the water volume fraction calculated from the change 
o f thickness during film swelling is shown as (+) from the film annealed at 50°C 
and as (x) from the film annealed at 150 °C.
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versus t°‘5 are shown in Figure 3.5. Similar measurements for a 7200 A dry film annealed 
at 150 °C are also shown in Figure 3.5 for comparison. The main observations obtained 
from Figure 3.5 are similar to those recorded from the swelling of thin films. The films 
annealed at 50°C swell much faster than those annealed at 150°C and also the extent of 
water uptake for the film annealed at the low temperature is twice as much as for the one 
annealed at the higher temperature.
The comparison off w obtained from changes in t  and n for the thick films is given 
in Figure 3.5c where it can be seen that the agreement is better than that observed for the 
thin films, showing that as the dry film becomes thicker, the interrelation between t  and n 
is less important. This result also indicates the linear increase of film thickness with water 
uptake and thus the proportional scaling of the total volume with that of the glassy 
polymer in the dry film. This consistency has been reported at the macroscopic scale with 
polymer samples of millimetre-length scale [Peppas 1987]. As our measurements were 
obtained for films below 1 pm, the linear relationship rules out the possibility of Case II 
behaviour that is often observed in many thick polymer films. The main feature of Case II 
swelling is the presence of a penetrant concentration gradient across the film, 
characterised by a high water concentration on the outside of the film and a low water 
concentration in the inner part of the film.
3.2.3 Uniform layer model for data fitting
It is customary and often convenient to analyse ellipsometric data using uniform 
layer model. In many cases this is because the data have no structural sensitivity to 
justify any more sophisticated models and the uniform layer model is chosen due to its 
simplicity and low number of parameters involved. Likewise, although the uniform layer 
model fits all the measured data well in this work, this itself does not warrant any 
uniqueness of the model. Other models representing non-uniform water distributions may 
also fit the data well. To verify this, we have assumed two idealised water density 
distributions mimicking the Case II type of water sorption. The exact water density 
profiles are shown schematically in Figure 3.6a. Because non-uniform water distribution 
is mostly likely to occur in the course of the swelling for the 6000 A film annealed at 
150°C, the assessment has been set to test this situation. The water volume fraction
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obtained from the best uniform fit to the first pair of \\j and A under these conditions is 
also shown in Figure 3.6a for comparison. The total amount of water incorporated in the 
two non-uniform model distributions was assumed to be the same as that derived from 
the uniform layer model. The first non-uniform model assumes that the water only enters 
into the outer half of the film and the thickness for this part of the polymer film goes up 
proportionally with the level of water uptake. The second non-uniform model assumes 
that the water distribution is divided into three equal sections, with the inner part being 
dry and the amount of water in the outer part being twice as much as that in the middle 
section. The calculated x\f and A profiles using these two non-uniform models are shown 
in Figures 3.6b and 3.6c together with the experimentally determined profiles. It can be 
seen from these Figures that neither of the two non-uniform models fits the measured 
and A profiles. The uniform layer model is the best representation to the water 
distribution within the film.
3.3 Water fraction in equilibrated films
Figure 3.7 shows the variation of the equilibrated water fraction in the swollen 
films (fw.co) versus dry film thickness at all three annealing temperatures. To better display 
the variation over the thin film end section, f Wi00 was plotted against logx0. To validate the 
f Wlco values obtained from ellipsometric measurements, we have recently performed 
neutron reflection studies using the same PC polymer at the solid/water interface and the 
resultant neutron data are also shown in Figure 3.7. We have purposely chosen to 
perform neutron measurements for dry films with t 0 < 1000 A. This is because over this 
thickness range it is difficult to decouple the layer thickness from its water content based 
on ellipsometric data, as already outlined previously while neutron reflection has high 
sensitivity in separating the two parameters. The high sensitivity of neutron reflection 
arises partly from the much shorter neutron wavelength which makes neutron reflection 
inherently more sensitive to the size change at the A level, and partly from the use of D20  
to create a sharp isotopic contrast between water and PC polymer film. To justify the 
reliability of ellipsometric data over the large thickness range, the swelling of thick PC
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Figure 3.6 The volume fraction distributions (a) and the corresponding calculated (b) and A 
(c). The measured T  (b) and A (c) are shown as (o) and the short dashed lines were calculated 
using the uniform layer model shown in (a) with a total thickness of 7450±50 A. As shown in 
(a), the first hypothetical model assumes all the water is distributed within the outer half of the 
film and the second model assumes a three step profile with the volume fraction of water 
decreasing by a third as the inner part of the film is approached. The total amount of water is 
kept the same in each case.
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polymer films has also been examined by a gravimetric method. The thickness of the dry 
films used in the gravimetric analysis were mainly around 0.3 mm. The resultant f Wi00 
values from these gravimetric studies are also shown in Figure 3.7.
The dashed lines drawn through each set of data in Figure 3.7 are for guiding the 
eye only. Given that a lower number of neutron data points was obtained and the neutron 
data are scattered as much as the ellipsometric data, it is difficult to suggest any better 
quality of fit by neutron results. By averaging all the data from the three different 
techniques, we can conclude that the mean value of f Vi00 is about 60% for the films 
annealed at 50 °C, 47% for those annealed at 100 °C and 32% for those annealed at 150 
°C. These results clearly show that the degree of film swelling and the subsequent water 
uptake are sensitive to the annealing temperature, but are insensitive to the thickness of 
dry films.
It might be expected that when film thickness is below 1000 A, the interactions 
between the surface and the film may affect the physical properties of the film, thus 
forcing its swelling to deviate from the main trend observed for thicker films [Zheng et 
al. 1997, Keddie et al. 1994]. The main interactions between PC polymer and the solid 
substrate are the affinity between the hydrophilic groups (PC and isopropyl) and silicon 
oxide and the silyl cross-linking between the trimethoxysilane groups and the hydroxyl 
groups on silicon oxide. As the thickness of the polymer film is reduced, the influence of 
these interactions may become more significant. The absence of any systematic deviation 
over the thin film range (see Figure 3.7) suggests that any surface related effects are 
either too weak to be detected or comparable to the range of errors.
The reduced film expansion with increased annealing temperature may be the 
result of a combined effect of the improved structural organisation within the film and the 
strengthened silyl cross-linking network. Although ellipsometry measurements offer no 
information about the inside of the films, it can be assumed that as temperature rises the 
fluidity within the films improves and the hydrophobic and hydrophilic components 
become better segregated to form a lamellar structure. The close packing of the 
hydrophobic layers within the film may work as a barrier to inhibit water sorption. The 
effect of temperature increase on the silyl cross-linking can be understood from inorganic 
sol-gel films cast on a silicon oxide substrate, as described below.
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Figure 3.7 Water volume fraction in equilibrated PC100B films plotted against dry 
film thickness. Ellipsometry measurements made for films annealed at 50°C are 
denoted as (o), for films annealed at 100 °C as (A) and for films annealed at 150 °C 
as (□). Neutron reflection measurements are shown as filled symbols with ( • ) for 
films annealed at 50 °C and (B) for films annealed at 150 °C.
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Keddie et al, [1990] examined the effect of temperature on the densification of 
SiC>2 sol-gel films using ion beam analysis and found that when the films were heated to 
150 °C the film density was increased by about 10%. Accompanying this density increase 
is the decrease of hydrogen content within the films by about 10%. These results indicate 
that with the increase of annealing temperature the number of siloxane groups (Si-O-Si) 
increases and the number of silanol groups (Si-OH) decreases. The consolidation of the 
siloxane network with annealing temperature is entirely consistent with the trend of 
reduced swelling observed in PC 100B films. The only difference is the chemistry of 
cross-linking. In the case of the sol-gel, the dehydration occurs between silanol groups, 
while in PC 100B the cross-linking occurs both between methoxy silane groups and 
hydroxyl groups (including inorganic hydroxy groups on the surface of the substrate and 
organic hydroxy groups from isopropyl groups) and between methoxy silane groups 
themselves.
3.4 Diffusion and relaxation in polymer film
3.4.1 Coupled model for polymer swelling
To describe the swelling behaviour of PC100B film in water, the 
phenomenological diffusion/relaxation model developed by Berens and Hopfenberg 
[1978], which was first introduced in Chapter 2 [Equation (2.19)], was employed in our 
analysis of water sorption in PC100B film. This coupled model, which was developed 
for sorption in microspheres, was modified to fit the sorption of the coated thin film in 
our study by adapting the solution of Fickian diffusion in a plane sheet [Crank 1975].
3.4.2 Swelling pattern of PC film with different thickness and annealing 
history
The dynamic water sorption in PC100B films with a thickness of 5000 A is shown 
in Figure 3.8a together with the fitted curves from the coupled model [Equation (2.19)]. 
It is obvious that both of the PC100B films, either annealed at 50°C or 150°C, show a 
quick Fickian process in the beginning of sorption. However, the quick initial sorption of
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Figure 3.8 The experimental data of water uptake in PC100B films. The initial 
thickness of these dry films is 6000 A (a), 600 A (b) and 0.3mm (c). The 
samples were annealed at 50 (□), 100 (A) and 150°C (o), respectively, and the 
fitted curves (solid and dashed lines) by using the coupled model. PC100B films 
annealed below 100°C show a swelling curve close to a Fickian pattern, whereas 
the film annealed at 150°C show a two stage procedure.
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PC100B film annealed at high temperature, 150°C, is followed by a long period for the 
film to reach equilibrium. It is a relaxation-controlled procedure. In Figure 3.8a, the 
sorption data of the PC100B film annealed at 100°C are also shown, which show no 
noticeable difference to the film annealed at 50°C. The possible explanation is that the 
annealing at 150°C, which is higher than the Tg of PC100B, introduces a cross-linking 
reaction under the conditions when the polymer is a melt and its polymeric structure is 
changed. Less cross-linking and structure condensation occur in the PC100B films 
annealed at low temperature. Thus, the stress produced by water penetration and film 
swelling can be easily eliminated. In contrast, this stress would be difficult to diminish in 
the PC100B film annealed at 150°C because of the relatively rigid cross-linked and 
condensed structure.
Figure 3.8b shows the sorption profiles of the PC100B films with an initial 
thickness of 600 A. It exhibits a close pattern to the thicker films shown in Figure 3.8a, 
which suggests that the very different initial thickness under the same annealing history 
have little effect on the diffusion and relaxation of the PC100B polymer.
To test the thickness effect with respect to the swelling pattern of PC100B thin 
films, the swelling behaviour of thick PC100B films (thickness of 0.3mm) (Figure 3.9c) 
were also studied by weighing method. The results show a very similar swelling pattern 
to those shown in Figure 3.8a and 3.8b.
3.4.3 Data analysis of PC film swelling
A systematic change of the annealing temperature and thickness of PC100B films 
could reveal some interesting phenomena in the physical properties as revealed by the 
fitted parameters using equation (2.19). Figure 3.9 shows the changes of fraction of 
contribution from Fickian diffusion (fF) with the annealing temperature. It is interesting 
to see that the samples annealed at low temperature have low f F value, whereas the 
samples annealed at high temperature have the values increased by more than 50%. 
Curing can thus be seen to promote the cross-linking reaction in the PC100B polymer and 
tends to compress the pre-existing free space in the film, so that the segment motion is 
constrained. The fitting results shown in Figure 3.9 suggest that the low annealing 
temperature leave more flexible segments in the PC100B polymer. On the other hand,
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Figure 3.9 Effect of annealing temperature on the fraction of Fickian diffusion i f  F) 
in the coupled mechanism [Eq.(2.19)]. The initial film thickness of the three 
PC100B films are 600 A (o), 1600 A (□) and 6000 A (A).
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Figure 3.10 Water diffusion coefficients in the PC100B films change with film 
thickness. The samples were annealed at 50 (□), 100 (A) and 150 °C (o), 
respectively. The filled symbols represent the diffusion coefficients measured by 
weighing method. The solid line has the value of water self diffusion coefficient. 
The dotted line indicates the possible limit of water diffusion coefficient in the PC 
polymer.
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the higher annealing temperature could “freeze” the mobility of polymer chains through 
the cross-linking reaction and the Fickian diffusion could be more relevant to the whole 
swelling process.
Figure 3.10 shows the change of diffusion coefficients with film thickness. It 
indicates that diffusion coefficients increase with film thickness. Two thick films of 
thickness 1.94 and 3.76 pm, had large diffusion coefficient (D) values of 1.75 x 10‘n and 
1.18 x 10'10 cm2/s, respectively. The increase of D with thickness is a consequence of the 
parameter kF being associated directly with the square of the specimen dimension 
[Equation (2.19)].
Figure 3.11 shows the effect of annealing temperature on diffusion coefficient of 
water in the PC100B film with different initial thickness. Within these films the plot of 
diffusion coefficients against annealing temperature have almost the same gradient, 
which suggests the same changing trend with annealing temperature. Clearly the non­
annealed PC polymer films have the biggest value of diffusion coefficients because they 
have little cross-linking. The samples annealed at 150 °C have the lowest diffusion 
coefficients. As mentioned previously, the high annealing temperature increases the 
cross-linking in polymer such that the motion rate of water molecules was reduced and 
the diffusion coefficients were subsequently decreased.
There are a number of likely reasons for the thickness dependence on the 
diffusion coefficient. The change of polymer mobility near the substrate [Zheng et al. 
1997] and the interactions between substrate and polymer may vary with the changing 
thickness of the films [Yang et al. 1986, Sacher and Susko 1979]. The morphology of 
polymer film is also affected by the method of film coating and the conditions of film 
annealing. These determine polymer chain orientation, packing and space between 
polymer chains [Han et al. 1995]. Neutron reflection studies on PC polymer films show 
the existence of a dense layer near the interface between the polymer and silicon oxide 
layer, in which the water content is much lower than the middle phase [Chapter 5, 
Murphy et al. 2000]. This indicates that the morphology of thinner films is different 
from that of thicker ones, with both having the same annealing history. The dependence 
of polymer performance on thickness is still a question waiting to be answered.
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Figure 3.11 Diffusion coefficient against annealing temperature. The initial film 
thickness of the three PC100B films are ~ 600 A (o), ~ 1600 A (□) and ~ 6000 A 
(A).
103/T (1/ K)
Figure 3.12 Water diffusion coefficient (In D) in PC100B films change with 
water temperature (1/T). The apparent activation energy of water diffusion in 
films annealed at 50 °C (□) is 47.7 kJ/mol, and is 50.0kJ/mol for films annealed 
at 150°C (o).
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Table 3.1. The fitted physical constants of kinetic swelling in PC100B polymer films
Thickness Annealingtemperature / r.i fa, jxlO3 / r^ fog X10*
50°C 0.16±0.01 1.74+0.14 0.44+0.01 5.8110.23
700 A 100°C 0.08+0.01 2.22±0.17 0.3210.01 4.5110.07
150°C 0.08±0.04 0.63+1.11 0.3710.04 0.3210.12
1600 A
50°C 0.13+0.01 1.64±0.14 0.4110.01 7.4010.18
100°C 0.08+0.01 2.2910.37 0.3210.01 5.7010.19
150°C 0.11+0.01 0.38+0.08 0.2210.01 0.3210.06
5000 A
50°C 0.14±0.01 1.43±0.24 0.3810.01 9.2410.52
100°C 0.09±0.01 1.18+0.23 0.2210.01 4.2710.32
150°C 0.15±0.02 0.29±0.11 0.1910.02 0.3010.19
Table 3.1 lists the fitted physical constants of PC polymer samples with different 
initial thickness and annealing history. The comparison of fog between different film 
thickness but with the same annealing temperature suggests that the relaxation processes 
are dimension-independent, which is consistent with the literature [Berens and 
Hopfenberg 1978]. From the fitted results, the decrease of the second relaxation fraction 
(/r,2), which contributes to the major relaxation fraction because of the relationship of 
> Au , and the change of the second relaxation rate constant (fo^) with annealing 
temperature suggest the increase of chain mobility restriction. The fog and fog values for 
samples annealed at 150°C are one order of magnitude lower than those for films 
annealed at lower temperatures. This result is in agreement with the phenomena 
observed in the experiments when a small thickness increase is seen during swelling, 
from the polymer film annealed at high temperature.
3.5 Effect of environmental factors
3.5.1 Effect of water temperature
Figure 3.12 shows the change of water diffusion coefficients with the 
environmental temperature as the PC100B film swells in water. The diffusion 
coefficients increase with an increased water temperature from 25, 30 to 50 °C. Also, the 
diffusion coefficients in the PC polymer annealed at 150 °C are lower than those for 
samples annealed at 50 °C. From these results, the apparent activation energy Ed of
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water diffusion can be calculated according to the Arrhenius-like equation [Crank and 
Park 1968]:
Z) = D0e x p ( - |^ )  (3.3)
From the gradient of the linear dependence of the logarithm of D on 1/T, the average 
activation energy of Ed = 47.7 kJ/mol was determined for the PC100B polymer annealed 
at 50°C, and Ed -  50.0 kJ/mol for the PC100B film annealed at 150°C. Usually, the 
activation energy of a relaxation controlled process is expected to be higher than the 
activation energy for the Fickian transport process [Enscore et al. 1977]. The higher 
activation energy for the polymer films annealed at 150°C is possibly related to the 
slower chain movement in relaxation and the higher cross-linking degree which restricts 
the water diffusion in polymer matrix. It should, however, be noted that the difference is 
on the margin of errors and the treatment itself is rather approximate.
3.5.2 Effect of pH buffer
To mimic a biological environment, the drug release experiments were carried out 
in pH 7 buffer solutions. Thus, it was necessary to examine the effect of buffer solution 
on the swelling of the PC100B films. The selected pH values were 3, 7 and 11. The 
films were annealed at 50 and 150°C respectively. The thickness increase of PC films in 
different buffer solutions followed the same pattern as the PC films in pure water, except 
in pH 11 buffer solution. The experiments indicated that this basic environment could 
decompose PC polymer films. Table 3.2 lists the degree of the PC100B swelling with 
and without buffer solution. The effect of buffer solution at pH 3 and 7 was very small, 
which is consistent with experimental results about PC surfactants known in our research 
group. The ionic strength of the buffer solution is very low (0,02), and so the results 
obtained can be considered accurate.
Table 3.2 The degree of swelling of PC polymer films in different solution *
Water pH 3 pH 7 pH 11
Annealed at 50°C 2.5 ±0.2 2.0 ±0.2 2.1 ±0.2 dissolved
Annealed at 150°C 1.2 ±0.2 1.5 ±0.2 1.4 ±0.2 dissolved
* The listed are average value from the films with different thickness.
74
3.6 Conclusion
The water diffusion in the thin PC polymer films was investigated as a function of 
cross-linking, annealing temperature, and film thickness by ellipsometry measurements. 
Water diffusion in the PC polymer film followed an anomalous mechanism, and its 
performance was consistent with the coupled diffusion and relaxation model. Annealing 
can cause a cross-linking reaction (curing) in the PC polymer and reduce the free volume 
for segment movement. PC polymers annealed below 100°C show a swelling behaviour 
close to Fickian diffusion. Samples annealed at 150°C, however, show a two-stage 
swelling process: Fickian diffusion followed by a long term relaxation. Fitted parameters 
show that the contribution of Fickian diffusion, increases with annealing temperature, and 
the relaxation rate constants decrease with annealing temperature. The activation energy 
of water diffusion in PC polymer films annealed at 50 and 150°C were calculated as 47.7 
and 50.0 kJ/mol, respectively.
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Chapter 4
Structural Effects on Swelling of 
Thin PC Polymer Films
4.1. Introduction
This chapter presents the results on the swelling behaviour of phosphorylcholine 
polymers studied by ellipsometry. The aim is to investigate the effects of cross-linking, 
chemical composition and hydrophilic/hydrophobic ratio in the polymer, on its swelling 
pattern. The coupled model developed by Berens and Hopfenberg will be used to 
describe the swelling behaviour of PC polymer (Chapter 2). Fitted parameters from this 
model can quantitatively explain the swelling behaviour of PC polymers caused by 
various effects. It was found that PC100A, the polymer without cross-linker annealed at 
50°C tended to swell to a higher degree than the cross-linked PC polymers. However, 
PC 100 A annealed at elevated temperature was hard to swell. The mixing of PC 100 A and 
cross-linking PC100B showed a long relaxation process. An increase in the composition 
of PC100A in the blend polymer raised the degree of swelling. An increase in the 
hydrophilic parts of PC polymers also significantly altered the degree of swelling and 
water diffusion into the polymer.
Although several studies have been done to characterise the properties of PC 
polymers [Hayward and Chapman 1984, Murphy et al. 1999], little information is 
available about their swelling behaviour and diffusion processes. Such information is 
highly relevant to the controlled drug delivery using these polymers. Following the work 
shown in Chapter 3 on the cross-linking polymer PC100B, this work focuses on the 
ellipsometery investigation of the effects of chemical composition and blending on the 
swelling of PC polymer films.
The dependence of swelling behaviour on polymeric structure and environmental 
factors has been paid great attention by many researchers [Crank and Park 1968, Han et 
al. 1995, Kim et al. 1993, Hill et al. 2000, Hariharan and Peppas 1996, McNeill 1993, 
Duming et al. 1995, Enscore et al. 1977, Korsmeyer and Peppas 1981 and 1984]. The
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swelling phenomenon of polymers is usually classified as either Fickian diffusion, Case II 
diffusion or anomalous diffusion [Alfrey et al. 1966, Thomas and Windle 1982, Frisch 
1980, Bell and Peppas 1995]. These processes are separated by the relative rates of the 
Fickian diffusion of small penetrating molecules and the relaxation of polymer chains 
[Crank 1975].
A study on the effect of molecular weight of poly(methyl methacrylate) on Case II 
diffusion indicated that the volume fraction of the penetrant, methanol, behind the 
moving front was molecular weight dependent [Hassan and Duming 1999]. The volume 
fraction of methanol changed with the molecular weight of polymer according to the 
critical molecular weight for entanglement. The volume fraction of methanol was very 
low if the molecular weight of the polymer was much higher.
Adjusting the hydrophilic/hydrophobic ratio in polymeric networks can control 
the anomalous swelling behaviour of polymer. In copolymer ethylene-vinyl alcohol 
(VA), both the observed equilibrium water sorption and the rate of water swelling 
increased monotonically with VA content [Hopfenberg et al. 1981]. The experiments 
done by Peppas [Korsmeyer and Peppas 1984, Brazel and Peppas 1999] showed that the 
water uptake was quicker and higher and that the copolymer dimension changed with 
increasing hydrophilic component of P(HEMA-co-MMA) and P(HEMA-co-NVP) (N- 
vinyl-2-pyrrolidone). Researchers also observed a similar trend in polymers consisting of 
poly(D,L)-lactic acid and dextran segments [Zhang et al. 1999], and PHEMA/poly-e- 
caprolactone and poly(D,L)-lactide networks [Barakat et al. 1999].
The cross-linking ratios of polymers greatly affect their dynamic swelling 
behaviour. As expected, an increase in the degree of cross-linking decreases the water 
uptake in polymer due to the decrease in free volume available for diffusion of penetrant 
[Hariharan and Peppas 1996, Kim et al. 1993].
The dimensions of polymer samples have also been studied due to their effect on 
the diffusion and relaxation process (Hopfenberg and Frisch 1969, Enscore et al. 1977]. 
The study of swelling behaviour of very thin polymeric films by new instrumental 
methods is important for understanding the fundamental characteristics of the role of the 
polymer in biological and drug delivery system [Mathe et al. 1999, Frank et al. 1996,
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Klitzing and Mohwald 1996, Duming et a l  1995, Sutandar et a l  1994, Riggs et a l  1999] 
as well.
The research in our laboratory has been primarily concerned with the control of 
PC polymer swelling by tailoring the ratio of hydrophilicity/hydrophobicity and the 
degree of cross-linking. Also, the subsequent effects of these properties on the surface 
biocompatibility of PC polymers and drug loading and release have been studied. In this 
chapter we present the ellipsometery results and data analysis by the model developed by 
Hopfenberg [1977].
4.2. Ellipsometry measurement of PC polymer film swelling
The swelling of cross-linked PC100B polymer films can be treated as a 
continuous thickness increase of a single uniform layer (see Chapter 3). It is reasonable 
to expect that the uniform layer model could still fit other PC polymer film swelling as 
well, because of their similarity in structure. Figure 4.1 shows the measured and fitted 'P 
and A of a PC100A film in water, with an initial thickness of 5900 A. We assumed two 
models to describe the water distribution in the PCI 00A film (Figure 4.1a). One is a 
uniform layer with 60 % of water. Another is a three-layer model consisting of a layer 
near the silicon oxide and a highly hydrated layer on the polymer surface. It can be seen 
from Figure lb and lc that the three-layer model gives a better fit than the uniform 
model. However, considering that the main part (95%) of the film is still a uniform layer 
in the three-layer model, where 59 % of water in the middle region, we can say that the 
structure of the film is predominantly a uniform layer, especially as the film approaches 
the equilibrium state. In our later discussion, we will use the water volume fraction in the 
main layer as a representation of water in the whole film.
Using the experimental procedure and fitting method established above, we 
examined the swelling of a PC 100 A film annealed at 50°C at the polymer/water interface 
and the resultant ¥  and A are shown in Figure 4.2. The dry film thickness of 5900 A and 
refractive index were fitted from the ellipsometry measurements at the air/solid interface 
before film hydration. From the parameters of the dry film, the corresponding 'F and A 
profiles against X can be calculated at the polymer/water interface at t -  0 (the dotted line
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Figure 4.1 Single and three layer model fitting for PC 100A film, after 4 minutes in
water, with an initial thickness of 5900 A, annealed at 50°C. (a) The solid line
represents a three layer model with a layer near Si02 of 100 A, and an outer water-rich
layer near the water phase, 560 A. The main hydrated PC 100A layer has a thickness of
15200 A and contains 59 % water. The dotted line is a uniform layer model with a
thickness of 15800 A and 60 % water inside, (b) The measured T  data (o) and fitted
profiles. The solid line represents the three layer model, and the dotted line the uniform
layer, (c) Measured A data (□) and the fits.
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Figure 4.2 Ellipsometry scan to monitor the swelling of PC 100 A film with an initial 
thickness of 5900 A, annealed at 50 °C. (a) The change of'F data of PC 100 A film 
swelling in water. The dotted line represents an assumed state of film in water at 0 min. 
Circles, squares and triangles represent the measured 'F at 1 min, 4 min and 2 hr of the 
film being in the water, respectively. The solid lines are the fitted results as determined 
by the three layer model, (b) The change in A from the PC 100A film swelling in water.
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in Figure 4.2). The large gap between the calculated pair and the first set of the measured 
data indicates that a significant extent of swelling occurred within the first minute of film 
immersion in water. The subsequent changes in *F and A show that after the first several 
minutes of hydration the rate of film swelling had slowed down, which is the same as 
PC100B as discussed in the previous chapter.
4.3. Effects of annealing temperature, dry film thickness and 
the cross-linking group
Figures 4.3 and 4.4 show the change of thickness, refractive index and water 
volume fraction of PC 100A films under different initial thicknesses and different 
annealing temperatures.
From Figure 4.3a, PC100A films with different dry thicknesses show the same 
swelling behaviour and almost the same degree of swelling as well. The PC 100A films 
annealed at 50°C have a degree of swelling of 3.30 after equilibration, whereas the films 
annealed at 160°C have a value of 1.15, which is much smaller than the sample annealed 
at the low temperature.
For films with the same initial thicknesses, it is clear from the results that 
annealing temperature greatly affects the swelling dynamics. The PC100A films 
annealed at 50°C show a steady increase in swelling; while in contrast, those annealed at 
160°C show almost little change after an initial film expansion.
Although the PC 100A films annealed at 160 °C have only a small degree of 
swelling (Figure 4.4a), we can still see an initial thickness jump when the films were 
immersed in water. The possible explanation is that there are small voids and cracks 
within the polymer films, and the osmotic pressure generated by the penetrating water 
along the spaces in the polymer matrix makes the polymer film expand immediately.
Figures 4.3b and 4.4b show the refractive index changes of PC100A films under 
different annealing temperatures. PC 100A polymer usually has a higher refractive index 
of around 1.55, as compared with that of 1.48 for PC100B polymer. In addition, the 
ellipsometric results indicated that the PC100A films were not very transparent in the dry 
state, which could be seen as a proof that there were some crystallites in the PC 100A
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Figure 4.3 Film thickness (a), refractive index (b) and water volume fraction (c) 
of PC 100 A films in water. The films were annealed at 50°C. The circles represent 
the film with an initial thickness of 5900 A. The square represent the film with an 
initial thickness1640 A.
84
|  5000 
o 4000 - 
H 3000
-©— initial thickness of 6000A, annealed at 160°C 
-a — initial thickness of 2300A, annealed at 160°C
; p UUMI
8 1.45
<DQC
1.40 -
1.35
0.50 - 
0.45 -0)
to 0.40 -
M—0.35 -O
c 0.30 -o
o 0.25 -(0l_4—0.20 -
(D
E 0.15 -3
O 0.10 -
> 0.05 -
0.00 ^
10 20 30 40
Time (min 1/2)
50 60
e — initial thickness of 6000A, annealed at 160°C 
a — initial thickness of 2300A, annealed at 160°C
10 20 30 40 50 60
Time (min )
10 20 30 40
Time (min 1/2)
50 60
Figure 4.4 Film thickness (a), refractive index (b) (at X -  500 nm) and water 
volume fraction (c) of PC 100 A films in water. The films were annealed at 
160°C. The circles represent the film with an initial thickness 6000 A. The 
square represent the film with an initial thickness 2300 A.
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polymer. The lack of cross-linking groups in the PC 100A polymers could favour the 
crystallinity. The PC100B films were transparent and there was no sign of 
crystallization.
Once water penetrated into the PC 100A films, the refractive index of PC 100A 
decreased fairly rapidly to 1.40 for the sample annealed at 50°C and to about 1.47 for the 
sample annealed at 160°C. If compared to the refractive index change of PC100B films 
annealed at 50°C and 150°C, the same refractive indices were found in the swelling of 
both PC100A and PC100B in water. The volume fraction of water in polymer films can 
be obtained from the Maxwell-Garnett equation [Equation (2.16)]. It can be seen from 
these figures that the higher the annealing temperature, the lower the water content in 
polymer films.
Figures 4.3c and 4.4c show the increase of the water volume fraction with time in 
PC100A films. In Figure 4.3c the overlapping of the two curves indicates that the water 
content in the films is not sensitive to the dry film thickness for PC 100A annealed at low 
temperature. However, the thin film has lower water content than the thick film for those 
annealed at the high temperature (Figure 4.4c).
Comparison of the swelling behaviour of PC polymer films with and without any 
cross-linker groups shows some interesting phenomena (Figure 4.5). Firstly, for the PC 
polymer films annealed at 50°C, the water volume fraction of the PC100A polymer 
without cross-linking is much greater than that for the PC100B polymer with cross- 
linking. The calculated degree of swelling of the PC100A is 3.30 as compared to that of 
2.50 for PC100B, when film swelling reaches equilibrium. It is likely only part of the 
cross-linker is cross-linked in the PC100B polymer when annealed at 50°C (see Chapter 
3). The difference does indicate that the silyl cross-link group plays a role in the cross- 
linking, even at such a low annealing temperature. Secondly, for samples annealed at 
high temperature, the swelling pattern is similar. The equilibrated water volume fraction 
in the PC 100A films is slightly lower than that in the PC100B films. This difference 
may arise from the higher annealing temperature. The substantial reduction in the 
swelling rate and amount of water present in both PC films annealed at high temperature 
may result from the formation of a more condensed structure. It is a combined effect of 
the formation of ordered structure and silyl networking for the PC100B.
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Figure 4.5 Comparison of PC 100 A and PC100B film swelling in water. The dry film 
thicknesses are: 5900 A for the PC 100A film annealed at 50°C (open circle), 6000 A for the 
PC100A film annealed at 160°C (open square), 5840 A for the PC100B film annealed at 
50°C (solid circle) and 5950 A for the PC100B film annealed at 150°C (solid square), (a) 
Change of film refractive index with time, (b) Change of water volume fraction with time.
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4.4. Blend of PC100A and PC100B
The swelling behaviour of blend polymers composed of PC 100A and PC100B 
were also studied by ellipsometry. The composition ratios of PC100B/PC100A in two 
blend samples were 6/4 and 8/2, respectively. Figure 4.6 shows the thickness increase of 
blend polymer films, annealed at 50 °C and 150 °C, as a result of water intake. The 
swelling pattern of blend PC polymers still follows that of PC100B, i.e. the higher the 
annealing temperature, the slower the swelling rate and the lower the degree of swelling. 
From Figure 4.6 and Table 4.2, the swelling degree of blend polymers with the ratio of 
8/2 of PC100B/PC100A is lower than that of the blends with the ratio of 6/4. In addition, 
the degree of swelling of the blends, annealed at 50 and 150 °C, is higher than that of the 
pure PC100B polymer films. As has been previously pointed out in Section 4.2, the 
cross-linking induced by cross-linker in PC100B plays an important role in blend 
polymer swelling. In addition to the similarity of structure between PC100A and 
PC100B, the swelling behaviour of the blend polymers is strongly affected by pure 
PC100B.
Table 4.2. The degree of swelling of PC polymer and blend films
Polymer Annealing temperature50 °C 150 °C
PC100A 3.4 ±0.1 1.1 ±0.1 (160 °C)
PC100B 2.5 ±0.2 1.2 ±0.2
PC100C 8.3 ±0.1 2.8 ±0.2
PC82 2.5 ±0.3 1.5 ±0.2
PC64 2.7 ±0.2 1.6 ±0.2
Figure 4.7 shows the water uptake of blend polymer films that were annealed at 
50°C together with pure PC100A and PC100B for comparison. Although the sample 
with a ratio of 6/4 of PC100B to PC100A reaches equilibrium level slightly slower than 
that of 8/2, it still keeps the same swelling trend, which is a characteristic of Fickian 
diffusion. If compared with the pure PC100B annealed at 50°C, the water uptake of the 
blends annealed at 50°C almost overlap with the curve of the pure PC100B.
The swelling of blend polymers annealed at 150°C again shows a two-stage 
process (Figure 4.8). The water uptake curves of pure PC100A and PC100B polymer
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Figure 4.6 Change of water volume fraction of blend polymers with time. The dry film 
thicknesses are: 3900 A for the PC64 film annealed at 50°C (open circle), 3900 A for the PC82 
film annealed at 50°C (open square), 3850 A for the PC64 film annealed at 150°C (solid circle) 
and 3840 A for the PC 82 film annealed at 150°C (solid square).
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Figure 4.7 Water uptake of blend polymers PC64 (□), PC82 (o), PC100A (x) and 
PC100B (+). All samples were annealed at 50°C.
Time (min )
Figure 4.8 Water uptake of blend polymers PC64 (A), PC82 (o), PC100A (x) and PC100B 
(□). The fitted lines overlap with their respective data points. All the samples were 
annealed at 150°C, except for PC100A which was annealed at 160°C.
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films are drawn on the graph together. We note that in the first stage, the curves of the 
blends were in the middle between that of the two pure polymers. Both of the blend 
polymers have almost the same water uptake trend, which slows down as water uptake 
reaches 80 % of the total water uptake. By comparing the water uptake of blend polymers 
with those of pure PC 100 A and PC100B, we find that the pure polymers take a shorter 
time to equilibrate than the blend polymers. This means that the polymer chains in the 
blends took a longer time to relax than the cross-linked chains in the pure polymers. This 
observation is consistent with the fitted relaxation rate constant of the blend polymer 
annealed at 150°C. The value is around 5 x 10'V1, which is lower than the corresponding 
value for PC100B, 3 x lO^ 6 s’1.
4.5. Effect of hydrophilicity
The swelling of polymer PC100C with a hydrophilic/hydrophobic ratio of 2/1 
(molar) was measured under water. Its swelling properties are compared with PC100B, 
with the hydrophilic/ hydrophobic ratio of 1/2. Figure 4.9 shows the thickness increase 
of PC100C in water with time. According to the swelling experiments, the degrees of 
swelling of these three PC100C samples can be worked out as 8.39, 5.68 and 2.83 for the 
annealing temperatures of 50, 100 and 150°C, respectively. The corresponding degrees 
of swelling of PC100B are 2.48, 1.89 and 1.28, respectively. Since both PC100C and 
PC100B have 5% cross-linker, the higher degree of swelling of PC100C is a strong 
evidence that the hydrophilic/hydrophobic ratio affects the properties of the PC polymer. 
This experiment indicates that the more hydrophilic moiety present, the more water can 
be absorbed into the PC polymer films. The swollen film of PC100C annealed at 50 °C 
contained so much water inside that the film was easily broken by slightly shaking the 
silicon wafer.
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Figure 4.9 Changes of film thickness (a), refractive index (b) and water volume 
fraction (c) of PC100C films in water. Circles represent the film annealed at 50 
°C with an initial thickness of 5100 A. Squares represent the film annealed at 
150 °C with an initial thickness of 4540A.
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Figure 4.10 shows the water uptake of the PC100C polymer film with time. The 
film annealed at 50°C exhibits a close Fickian sorption pattern. Whereas, the film 
annealed at 150°C again shows a two-stage sorption process. In comparison with the 
PC100B swelling, the results show that equilibrium was reached more quickly in the 
PC100C swelling. Cross-linking induced by high annealing temperature still appears to 
dominate the PC100C swelling as more hydrophilic segments are incorporated into the 
PC polymer.
Table 3 lists the fitted parameters by the coupled model for the swelling of the 
PC100C and PC100B films, which have similar initial thicknesses. In Table 3, the 
fraction of Fickian diffusion in PC100C films increases with annealing temperature; 
similar to the trend seen in the PC100B films. Samples of PC100C annealed at 150 °C 
have almost the same Fickian contributions as those from the PC100B films annealed at 
the same temperature. More contribution from Fickian diffusion means less flexibility of 
chain movement within the PC100C polymer matrix due to the cross-linking induced by 
the higher annealing temperature. Further evidence is the decrease of both the 1st and 2nd 
relaxation rate constants of the PC100C polymer with annealing temperature. 
Consequently, the diffusion coefficients of water in PC100C polymer films decrease with 
increasing annealing temperature as well.
Table 4.3. Comparison of the fitted parameters of PC100C and PC100B polymers
Fitted parameters ~ PC10QC (50QC)* PC1Q0C (150°C) PC100B (50°C) PC100B (150°C) 
Initial thickness (A) 5120+15 4544+5 5700±20 4885 + 10
Fraction of Fickian diffusion 0.33+0.01 0.68+0.01 0.47+0.01 0.66 + 0.01
1st relaxation rate constant (s'1) 1.58±0.17xl0'3 3.10+0.36XKT4 3.39+0.98XKT4 2.86+1.1 lxlO'4
2nd relaxation rate constant (s'1) 4.36+0.20x1 O'5 2.12+0.15x1 O'6 4.71+1.68xl0'5 3.02±1.93xl0'6
Diffusion coefficient (cm2s'1) 1.81+0.27x1 O'10 1.09+0.12xl0~n 1.05+0.84x1 O'11 3.19+0.96xl0'12
* Annealing temperature
Figure 4.11 shows the comparison of PC polymer films with different degrees of 
cross-linking and hydrophobic/hydrophilic ratios. The time taken for the PC100C 
polymer film to equilibrate is much shorter than that of the PC100B polymer film, though 
both have the same degree of cross-linking. This is due to the fact that there are more 
hydrophilic components in the PC100C film. Hence the resultant rate of water absorption 
increases, thereby shortening the time to reach equilibrium.
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Figure 4.10 Water uptake of polymer PC100C films. Circles represent the film 
annealed at 50°C with an initial thickness of 5100 A. Squares represent the film 
annealed at 150°C with an initial thickness of 4540A The solid line is the fitted curve.
Figure 4.11 Comparison of water uptake of PC polymer films with different degrees of 
cross-linking and hydrophobic/hydrophilic ratios. Circles reprent the PC 100A film 
annealed at 160°C with an initial thickness of 6000 A. Triangles represent the PC100B 
film annealed at 150°C with an initial thickness of 5900 A. Squares represent the 
PC100C film annealed at 150°C with an initial thickness of 4500 A. The solid lines are 
the fitted curves.
94
4.6. Discussion
We have previously shown that the dynamic swelling of PC polymer films 
containing cross-linking groups can be classified as two types according to their 
annealing temperature. Figure 12 shows the water uptake of PC100B polymer swelling. 
Curve 1 represents a process of near Fickian diffusion that equilibrates within short time. 
Curve 2 represents a two-stage process, in which the first step is similar to Curve 1, 
accompanied by an extremely quick chain deformation. Then the following step is a slow 
relaxation with a relatively quicker Fickian diffusion compared with the first step.
From a structural point of view, the existence of cross-linking in PC100B polymer 
films mainly affects the two types of swelling behaviour. During synthesis, the silyl 
cross-linking groups were incorporated into the polymer structure. This pre-existing 
functional group could then be cross-linked by curing the PC100B polymer under 
different temperatures. Naturally, the degree of cross-linking is controlled by the number 
of silyl groups present and the annealing temperature used. With 5 % of cross-link 
groups in the PC100B polymer, we found that the degree of cross-linking increases with 
increasing annealing temperature. Another possible reason affecting the PC polymer 
swelling is the formation of condensed structure caused by annealing in the polymer 
matrix. To enhance the degree of cross-linking in the PC polymer by raising the 
temperature, some existent voids and inhomogeneity in polymeric films can be removed 
at the same time as cross-linking. Thus a more condensed structure can be one of the 
effects of annealing as well [Han et al. 1995].
The cross-linking and condensed structure caused by the high annealing 
temperature in the polymer matrix greatly restricts the movement of polymer chain 
segments. Therefore, a very long relaxation process needs to release the accumulated 
stress in the polymer matrix through the rearrangement of polymer segments. This stress 
arises from a quick chain deformation, which is from the osmotic pressure, in the very 
beginning of PC100B polymer contacting with water. The reason for the quicker water 
diffusion observed in the second stage is not quite clear, but it may be due to the 
loosening of the condensed structure.
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For the polymer samples annealed at low temperature, the stress from chain 
deformation can be fully released during a short period and the film reaches equilibrium 
quickly, because there is the less restriction of cross-linking within the polymer matrix.
Figure 4.12 Water uptake of a typical PC polymer film during swelling. Curve 1 is 
a near Fickian process which represents water diffusion in a PC polymer film 
annealed at low temperature. Curve 2 is a two-stage process which represents water 
diffusion in a PC film annealed at high temperature.
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As the Tg of PC 100A is around 130°C, annealing the PC 100A polymer film at 
160 °C helps to release the tension constraining polymer chains and produces a more 
ordered arrangement in the polymer structure. The PC100A polymer contains no cross- 
linker groups. However, the strong interactions between ionic phosphate and choline 
groups in different polymer chains could form some crystallite microdomains. This 
interaction could be enhanced by a high annealing temperature due to compression of the 
spaces between the polymer chains. Therefore, the physical cross-linking formed from 
the strong interactions between the charged groups makes PC 100A polymer films 
difficult to swell further after the initial thickness increase. In PC100B polymer films, 
small molecules were generated and evaporated during the cross-link reaction and curing 
process.
The mixture of PC 100 A and PC100B resulted in an interpenetrating structure for 
the blend PC100A-PC100B polymers. Due to the smaller degree of cross-linking, the 
blend polymer swells more than the pure cross-linked polymer [Rogovina et al. 2000]. 
The results also show that the relaxation of the blend polymer takes a longer time than 
that of the pure PC polymer. A possible explanation is that the interpenetrated PCI 00 A 
chains within the cross-linked PC100B network can be moved relatively easier and so the 
blend polymer film takes a longer time to equilibrate than that of the pure PC100B which 
has end-fixed chains.
4.7. Conclusions
In this chapter, the swelling behaviour of phosphorylcholine polymers was 
studied by ellipsometry to investigate the effects of cross-linking, chemical composition 
and hydrophilic/hydrophobic ratio of the polymer. The sample without cross-linker 
groups annealed at 50°C tends to reach a higher degree of swelling than that of the cross- 
linked polymer. On the contrary, PC 100A annealed at high temperature is more difficult 
to swell. The blend polymers of PC 100 A and PC100B show a long relaxation process. 
The greater the composition of PC 100A in the blend polymer, the higher the degree of 
swelling. Increasing the hydrophilic part in the PC polymer can greatly improve the 
degree of swelling and water absorption in the polymer.
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Chapter 5
Polymer Film Swelling and Drug Loading into 
Polymer Films Studied by Neutron Reflection
5.1 Introduction
This chapter discusses experimental results obtained from dry PC100B films, 
swollen PC100B films and drug distribution within swollen PC100B films, all studied by 
neutron reflection. The swelling behaviour of PC100B films has already been quantified 
by ellipsometry in Chapter 3. However, as already indicated before, the more detailed 
structural features within swollen polymer films and the drug distributions in these films 
could not be revealed by ellipsometry. Neutron reflection has been shown to be a 
powerful and accurate technique to provide detailed information on polymer structure 
[Bucknall 1999, Penfold et al.], especially at the surface and interface of a polymer 
matrix [Bucknall et al. 1993, Geoghegan et al. 1994]. Also, neutron reflection has been 
used to study the distribution of small solvent molecules within swollen polymer films 
[Levicky et al. 1998, Yim et al. 1999, Zhulina and Halperin 1992]. However, studies of 
drug molecules in polymer matrices by neutron reflection have not been reported yet. We 
expected to use this technique to reveal the detailed surface and interfacial structures of 
the PC biopolymer, and drug distributions in this polymer. This would help to establish 
the relationship between the surface properties of PC biocompatible polymers and the 
drug release.
The dry film structures will be presented first, which will then be compared with 
the hydrated films. This will include the characterization of the rearrangement of 
hydrophilic and hydrophobic moieties before and after contact with water, and the 
existence of any relationships between the dry and swollen film structures will be 
presented. Also, the effects of water/polymer and polymer/substrate interfaces on the 
local polymer fragment distribution will be examined. The final part of this chapter will 
be devoted to the discussion of drug loading and release from PC polymer films.
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5.2 Structure of dry PC100B films
It is important to have a clear picture about the structure of PC100B films coated 
onto a silicon surface, which dictates the subsequent film swelling behaviour and drug 
solubilization. Using neutron reflection, we have mainly examined the annealing effect 
on the structure of coated PC100B films. Alkyl chain deuterated PC100B was used to 
highlight the structural details at the polymer/air and polymer/substrate interfaces 
[Murphy et al. 2000].
Many factors affect PC100B film properties. These include the surface property 
of the silicon oxide, the coating solvent used, its evaporation rate and annealing 
conditions [Bucknall 1999]. As explained previously, Piranha treatment to the polished 
surfaces of silicon blocks provides the surfaces with reproducible hydrophilicity, as 
indicated by the almost zero contact angle. These oxide surfaces have high affinity to 
hydrophilic segments in the polymer. The hydroxide layer can further react with silyl 
cross-linking groups within the PC100B polymer to form a chemical bonded structure.
Figure 5.1a shows two sets of neutron reflectivity profiles of dry PC100B film s, 
annealed at 50 °C and 150 °C. Figure 5.1b shows the corresponding scattering length 
density profiles derived from model fitting to Figure 5.1a. The reflectivity curves in 
Figure 5.1a are vertically offset for clarity. The SLD profiles share the same horizontal 
axis, with the silicon/silicon oxide interface located at z = 0. The film is located in the 
half-space z > 0.
Table 5.1 lists the fitted results of neutron reflectivity profiles for dry films as 
shown in Figure 5.1. The thicknesses of the two films can be calculated directly as 430 A 
for the sample annealed at 150°C and 455 A for the sample annealed at 50 °C, which are 
very close to the fitted results from ellipsometry analysis.
Table 5.1. Fitted results o f dry PC100B films
Annealed at 50 °C Annealed at 150 °C
Thickness from ellipsometry (A) 468±10 442±8
Thickness from neutron data fitting (A) 455±5 430+5
SLD (A'2) 4.60E-7 4.80E-7
From the small difference of SLD between the two samples annealed at low and 
high temperature, it is hard to justify the effect of annealing on the change of polymer
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Figure 5.1 (a) Reflectivity data and calculated fits for PC100B films in the dry state, 
(□ ) annealed at 50 °C, and (o) at 150 °C. The data have been vertically offset, (b) 
Derived SLD profiles o f PC100B polymer films from (a). The solid line is for the film 
annealed at 150 °C; the dotted line is for the film annealed at 50 °C.
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structure. However, in Figure 5.1a, the clearer oscillation fringe in the reflectivity curve 
of the sample annealed at high temperature than that annealed at low temperature 
indicates the existence of a slightly sharper interface border in the sample layer geometry. 
Annealing at high temperature is likely to smooth the air/polymer interface and remove 
any possible voids in the polymer matrix [Han et al, 1995] (the inner and outer surfaces 
of the two films are rather sharp). A further feature in Figure 5.1b is the particularly 
uniform layer structure in the middle parts of the films. This is perhaps well expected, 
because the two samples used in this experiment are hydrogenated PC100B films, and 
therefore we could not gain much detailed information about the segregation across the 
films.
To determine the detailed structure across the films, we measured the neutron 
reflectivity of dodecyl chain deuterated PC100B polymer films. Figure 5.2 shows an 
example of the film annealed at 150 °C with a nominal thickness of 100 ± 5 A 
(determined from ellipsometry). A counterpart of hydrogenated PC100B film, again 
annealed at 150 °C with a nominal thickness of 140 A, was also measured (curve 5 in 
Figure 5.2a). The SLD of deuterated PC100B polymer is 3 x 10"6 A'2, compared with 
0.48 x 10*6 A'2 of the hydrogenated version. Due to the introduction of deuterated moiety 
in high contrast, the whole reflectivity in Figure 5.2b shows an altered pattern, as 
indicated by higher values and clearer oscillation fringes. The film thickness of the 
deuterated sample was estimated to be 110 ± 5 A, simply from the oscillation frequency, 
and the corresponding thickness for the hydrogenated sample is 140 ± 5 A.
Several fitted curves are shown in Figure 5.2a, ranging from one layer to 
multilayer models. Clearly, the one layer structure is not a good model to describe the 
measurement for the deuterated PC100B film. Figure 5.2b shows the best fitted SLD 
profiles derived from Figure 5.2a, and it shows that in all cases, alternative lamellar 
structures are needed to describe the measured reflectivity of the partial deuterated 
PC100B. The marked feature in Figure 5.2b is thus the component segregation near the 
air/polymer and polymer/substrate interfaces.
Usually, segregation phenomenon is expected to occur during polymer annealing 
or melting, which has been observed at the surfaces and interfaces of multicomponent 
polymers, including polymer blends [Pan and Prest 1985, Bhatia et al. 1988], polymers
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Figure 5.2 (a) Reflectivity of PC100B films and fitted curves. The dodecyl chain deuterated dry 
film (o) has a thickness of 100 A. The chain hydrogenated PC100B film (□) has a thickness of 140 
A. Both of the films were annealed at 150 °C. Four curves marked by circles represent the same 
measurements. The labels for the deuterated PC100B film are given below: l.one layer model; 
2.fitting with a large amount of surface roughness; 3.fitting with isotopic effect; 4.fitting with no 
isotopic effect. The curve labelled 5 is fitted to a one layer model for the hydrogenated PC100B film, 
(b) The derived SLD of partially deuterated PC100B from (a). The dot-dashed line is for the 2nd 
curve; the dotted line is for the 3rd curve; the solid line is for the 4th curve. The two single layer 
models are not shown.
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with functional end groups [Elman et al. 1994] and block copolymers [Rastogi and Pierre 
1969, Bucknall et al. 1993, Shull et al. 1991]. The driving force governing this behaviour 
is the difference in surface energy between the mixed components [Jones and Richards 
1999]. The isotopic effect is also one of the contributions, i.e. the deuterated component 
might preferentially segregate to the air/polymer and polymer substrate interfaces 
[Bucknall 1999]. The segregation of the deuterated component occurs due to a weakly 
unfavourable % interaction parameter originating from the difference in polarizability 
between C-H and C-D bonds [Jones et a l 1989].
In our case of PC100B polymer, there are two kinds of possible segregation: 1) 
the alkyl chain enrichment at the surface of the polymer, 2) the segregation of deuterated 
dodecyl component at the interfaces of air/polymer and polymer/substrate. Both effects 
lead to the same result. Figure 5.2b shows three best fitted SLD profiles. All of them 
indicate a segregated surface, which is composed of an enriched layer with the 
component of high SLD, followed by a layer of low SLD. In terms of the calculated SLD 
of the deuterated PC100B, the SLD of deuterated lauryl methacrylate is 5.32 x Iff6, with 
the remaining part of the polymer having a SLD of 1.15 x 1CT6. Considering that the 
surface energy of hydrophobic dodecyl chains at the air/polymer surface is lower than 
that of a hydrophilic zwitterionic PC moiety, it can be deduced that the outside layer is 
enriched with deuterated dodecyl chains. The subsequent layer is depleted of 
hydrophobic parts and enriched with hydrophilic PC groups, methacrylate parts and 
hydroxypropyl segments. It is also noted that the value of SLD (2.5 x 1(T6 A*2) in the 
enriched layer is low compared with the SLD (3.3 x 10*6 A'2) in middle phase. A 
reasonable explanation is that the water in the atmosphere is likely to have been absorbed 
in the outside layer of the polymer, which lowered the SLD values in both the enriched 
and depletion layers. According to the difference between the average SLDs of the dry 
state (3.1 x 10*6 A'2) and the wetted state (2 x 10'6 A'2), a volume fraction (tjwer) of about 
30% of absorbed water was calculated for the outside layer with a thickness of 40 A, 
using the general expression:
Pw Pwater w^ater + (1- <j) water) Ppolymer
where pw is the measured SLD of the outside layer, pwater and ppoiymer denote the SLDs of 
water and deuterated PC100B, respectively. The existence of water also explains why
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there is such a large amount of roughness, about 24 A, in the best fitted SLD profile. 
Unfortunately, we cannot tell how much contribution to surface segregation arises from 
the isotopic effect in the enriched layer, or even whether the isotopic effect exists or not. 
According to the literature, the isotopic effect was only observed in polystyrene, 
polybutadiene and poly(ethylenepropylene), not from other polymers [Bucknall 1999].
Near the interface of the polymer and silicon oxide layers, three fits show a low 
SLD region. It can be thought of as the hydrophilic PC heads and methacrylate backbones 
being preferentially adsorbed at the silicon oxide surface. Also, the unfavourable surface 
energy of dodecyl chains on the silicon surface cause a depletion area of deuterated 
segments. Perhaps a more important reason is that the silyl group in PC100B can react 
with the hydroxide group on the silicon oxide surface. Especially after curing at high 
temperature, a condensed layer is formed near the silicon oxide surface [Keddie and 
Giannelis 1990].
To check a possibility of the preferred dodecyl chain distribution near silicon 
oxide surface, a high SLD layer was inserted (the dotted line in Figure 5.2b). Though it 
did improve the fit (curve 3 in Figure 5.2a) at low momentum transfer, it gave a clearly 
poor fit around 0.15 A'1.
As in Figure 5.1 the best fit to the hydrogenated polymer film in Figure 5.2a 
approximates to a uniform layer of about 140 A. Although it does not provide much 
detailed information inside the film, it does show a need of a roughness of 20 A on the 
outer polymer surface, which is close to what was found in the deuterated PC100B 
sample. This observation tends to suggest that the hydrogenated and deuterated PC100B 
polymers offer similar film structures. The structural details within the films can be 
reliably revealed by using the partially labelled samples.
5.3 Hydration of PC100B films
The analysis of the hydrogenated and deuterated PC100B films in the dry state 
suggests implicitly a complex structure of hydrated PC100B polymer films. Thus, we 
hope to answer these questions in this section: what is the detailed structure near the 
water/polymer and polymer/substrate interfaces? What could happen at a polymer surface 
enriched by hydrophilic or hydrophobic moiety, i.e. would there be a rearrangement of
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hydrophilic and hydrophobic segments at the polymer surface during hydration? How 
would water distribute in the polymer films during swelling?
5.3.1 Structure of swollen PC100B films in water
Since ellipsometry work had already shown that the swelling of PC100B films in 
water is a long term process with slow polymer chain relaxation (Chapter 3), the neutron 
reflection experiments have aimed to follow the swelling of polymer films close to 
equilibration. During this long period several measurements were made to follow the 
swelling process.
Figure 5.3 shows the neutron reflectivity and SLD profiles of a swollen PC100B 
film, with a dry thickness of 430 A and annealed at 150°C. For comparison, Figure 5.4 
presents the reflectivity and SLD profiles of the swollen film with a dry thickness of 450 
A and annealed at 50°C. It can be seen from Figure 5.3a and 5.4a that the frequency of 
the oscillation fringes in the reflectivity of PC100B annealed at 50°C is higher, indicating 
a thicker film after hydration than that of PC100B annealed at 150 °C. This observation 
is consistent with our previous ellipsometry results. Each of the reflectivity curves shows 
a broad bump around 0.07 to 0.09 A'1, which implies some common features in their 
swollen structures. The dashed lines in Figure 5.3a and Figure 5.4a represent the best one 
layer fitting, which clearly did not fit the reflectivity over high momentum transfer range, 
although they do cover the reflectivity curves over the small Q range (from 0.01 to 0.05 
A"1). This means that the single layer model only reflects part of the film structure. As 
seen from Figure 5.3b and Figure 5.4b, models with more than one layer were 
subsequently tested. The SLD profiles exhibit pronounced oscillations near the silicon 
oxide surface and these dampen out as the profiles propagate into the interior of the films. 
Also, layers with higher water content were found at the water/polymer interface. Our 
fitting process shows that only models with segregation layers could describe the large 
bumps that appeared in the measured reflectivities. It should be mentioned at this point 
that oscillatory concentration-depth profiles have been predicted and observed for 
copolymer systems [Elman et al. 1994, Anastasiadis et al. 1989, Mendlle et al. 1992].
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Figure 5.3 (a) Reflectivity curve (circles) of swollen PC100B, annealed at 150 °C with an initial dry 
thickness of 430 A. The solid line is the fitted curve without roughness but using a step structure on 
the polymer surface; the dotted line is the fitted curve with roughness considered; the dashed line is 
fitted by a one layer model, (b) Derived SLD profiles from (a). The lines have the same meaning as 
those above.
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Figure 5.4 (a) Reflectivity curve (circles) of swollen PC100B, annealed at 50 °C with an 
intial thickness of 455 A. The solid line is the fitted curve without roughness but using step 
structures; the dotted line is fitted by considering roughness; the dashed line is fitted by a 
one layer model, (b) Derived SLD profiles from (a). The solid line is the step structures; the 
dotted line is the derived SLD profile by considering roughness
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The oscillation structure was not easily detected in the PC100B systems until it 
was enhanced by D20  penetration. Thus, we should be able to determine whether the 
swollen structure of PC100B just simply enlarges the original PC100B structure in the 
dry state, or whether something more complex has occurred. From Figure 5.3b and 5.4b, 
there is a low SLD layer near the silicon oxide surface, which means less water is present 
in this area, despite being near the surface of the hydrophilic silicon oxide. We had 
anticipated, on the basis of surface energy, that the zwitterionic phosphorylcholine group 
in PC100B would be preferentially attracted to the surface. Further, more D20  should be 
gathered in this layer and a high SLD layer should be observed. Consideration of the 
exact molecular structure of PC100B polymer provides the explanation as to why the 
opposite behaviour is observed. Several factors need to be taken into account. First, 
hydrophobic dodecyl chains occupy about 47% (mole) of the structure, and hydrophilic 
PC groups only take 23% (mole). Second, the hydrophilic groups, like PC heads, 
hydroxide groups and ester groups in the side chains are indeed attracted to the surface of 
silicon oxide. Third, as we mentioned before, though there were only 5% of silyl groups 
in PC100B films, the silyl group can also react with the hydroxide group on the silicon 
oxide layer to form chemical bonds. So it is reasonable to deduce that the adsorption of a 
small amount of PC100B hydrophilic segments to the substrate surface and the formation 
of chemical bonds under curing left fewer segments per chain to make contact with the 
water near the interfacial area. In addition, the polar methacrylate parts in the polymer 
are also expected to be attracted to the native silicon oxide surface of the substrate 
[Granick 1994]. The phosphorylcholine groups and methacrylates were constrained to 
remain flat and topologically conformed with respect to the Si02 surface, instead of 
positioning themselves vertically on it, which ensured a thin and dense layer, and kept 
more water out of the layer. The dodecyl chains form a hydrophobic domain above the 
thin first layer. Due to the low contrast in SLD between these two layers, it is in fact hard 
to distinguish them. The total thickness for these two layers is about 26 to 30 A. This 
water-depleted layer is followed by a hydrophilic region that consists of 
phosphorylcholine groups, methacrylate groups and 2-hydroxypropyl groups, due to the 
chain connections. The total thickness of the hydrophilic layer is about 36 to 38 A. This 
layer is subsequently followed by a hydrophobic layer. The thickness of this layer is 28A
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for the film annealed at 150°C (Figure 5.3b) and 35 A for that annealed at 50°C (Figure 
5.4b). The slightly increased thickness and decreased SLD variations mean that as the 
region is further away form the solid substrate, the extent of oscillation gradually 
diminishes.
Did the segregation of different domains already exist in the dry PC100B film? Or 
did it occur during water penetration? The information about segregation of dry films 
could only be obtained from Figure 5.2, where a partially deuterated PC100B film was 
used. Segregation clearly occurred inside the dry film, but comparison can only be made 
qualitatively because of the different dry film thicknesses and other related factors. The 
segregation at the polymer/substrate interface must be affected by the penetration of D2O. 
The impact of the substrate surface is always important in determining the segregation 
trends of the polymers in dry and swollen states.
Beyond this initial segregation is the middle region (Figures 5.3b and 5.4b). 
Though there is some minor density variation, the middle region is rather uniform with a 
thickness of 500 A. The water content in this region is 40 % for the film annealed at 
150°C, and 55 % for the film annealed at 50°C, which are directly relevant to the 
annealing history of these two films. That most part of the film is a uniform layer 
explains why the whole film could be represented by our previous one layer model 
[Chapter 3]. Considering the limitation of ellipsometry, it is believed that ellipsometry 
analysis, which treats thin PC100B films as a single uniform layer, can still reflect the 
main structure feature of polymer films, despite the fact that it misses some detailed 
information across the interfaces.
According to the above analysis and the structural parameters in Table 5.2, a 
schematic model is shown in Figure 5.5. The circles represent the methacrylate 
backbone, which could be either within the plane of the paper or out of the plane. 
Triangles are silyl groups that cross-link with hydroxypropyl group (square symbols) or 
react with hydroxide on the SiC>2 surface. The ellipses are phosphorylcholine segments, 
the side near methacrylate carries negative charge (phosphoryl) and the other side is with 
positive charge (amine). The water molecules were not drawn in this model, but the third 
layer containing PC heads, methacrylate parts and other polar groups is also water 
enriched.
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Table 5.2 Structural composition parameters in the PC100B polymer
PC chain15 dodecyl chainb hydroxypropylb silyl group b
Length (A)a 
Width (A)a 
Volume (A3) c
20.4
6.5
450
24.1
5.5
485
12.4
5.5
243
13.1
8.5
361
SLD (A2) 0.9 x 10 * 0 .1x10" *  5.5 x I0~6d 0.8 x 1 0 * 0.7 x 10 *
a All data were calculated by Molecular Modeling Pro (ChemSW ™ Inc.) software 
b Parameters include the size of the methacrylate monomer 
c Volume calculated from corrected mass density in MMP software 
d SLD of deuterated dodecyl chain
In Figures 5.3b and 5.4b, both of the swollen films have step layers with total 
thicknesses of 50 A and 100 A, respectively, at the polymer/water interface. The higher 
annealing temperature imposes more constrain on the polymer matrices (Chapter 3). In 
these outermost layers, the water contents are extremely high, about 88 % for the film 
annealed at 150°C and 92 % for the film annealed at 50°C. We could think that only 
several chains dangling on the polymer surface within water phase. It is interesting to 
note that there is a small water depleted layer near the surface of the polymer in the 
sample annealed at 150°C. This depletion layer could not be observed in the polymer 
annealed at 50°C, which may be due to the loose structure lacking cross-linking. From 
our study of the deuterated PC100B film in dry state, annealed at 150°C (Figure 5.2b), we 
expect a hydrophobic layer on the outer surface of the dry hydrogenated PC100B 
polymer film. During hydration, Figure 5.3b suggests that during hydration 
rearrangement of the previous segregation has occurred, i.e. some hydrophilic chains 
have moved out towards the water phase to decrease the system energy and increase the 
entropy. The formation of a depleted water layer following the outermost water enriched 
layer may result from the relatively high degree of cross-linking in the polymer annealed 
at 150°C.
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Figures 5.6 shows the neutron reflectivity of the PC100B film, annealed at 150°C, 
with a dry thickness of 140 A and the derived scattering length densities. If compared 
with the neutron reflectivity results of thicker films (Figure 5.3a), there is still a broad 
peak in the intermediate Q range (0.06 -  0.15A'1); but the smooth curve in the low Q 
range (0.02 -  0.05A'1) suggests a much thinner film. In Figure 5.6a the dotted line 
represents a two layer model with a hydrophobic layer (~ 30 A) at the polymer/substrate 
interface. The small difference between this model and the measured reflectivity implies 
a structural similarity. The solid line is the best fit, with its derived SLD shown in Figure 
5.6b which exhibits the same oscillations as those found in Figures 5.3b and 5.4b, i.e. a 
similar structure, except a thinner middle region with an SLD of 3 x 10*6 A'2. In Figure 
5.6b, a thin region with an SLD of 1.70 x 10*6 A'2, which has not been seen in Figure 
5.3b, is detected near the silicon oxide surface. The thickness is roughly 10 A, suggesting 
a hydrophilic layer at the surface. This SLD profile is consistent with what the model in 
Figure 5.5 predicted. However, the thinner film contains more water (45 % in the middle 
region compared with 40 % in Figure 5.3b). This may be due to the effects of both the 
surface and the interface on the narrowly middle phase.
Figures 5.7 shows the reflectivity and the derived SLD profiles for the deuterated 
PC100B polymer in D2O. In Figure 5.7a the dotted line, which was fitted by a one layer 
model with a large roughness of 47 A, shows a reasonably good fit, if compared with the 
multi layer model (solid line) with three 50 A thick step layers at the polymer surface. It 
is clear that the originally detailed structure seen in the dry film (Figures 5.1 and 5.2) has 
been altered by D2O penetration, which has caused an uneven distribution of water in the 
swollen film. In comparison with the model shown in Figure 5.5 for the fully 
hydrogenated PC100B film, the deuterated dodecyl segments expel D2O out of the 
hydrophobic region and the D2O only increases the SLD slightly in this part. However, 
the enrichment of D2O in the hydrophilic regions, significantly increase their SLDs. The 
total effect is the small difference in SLD between hydrophilic and hydrophobic regions, 
resulting in an almost uniform layer distribution (Figure 5.7b). Both the single layer and 
two layer models in Figure 5.7 indicate a rough polymer surface, which is broadly 
consistent with other measured results presented previously.
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Figure 5.6 (a) Reflectivity curve of PC100B, annealed at 150 °C with an initial thickness of 140 
A. Circles are the measured reflectivity; the solid line is the fitted curve with segregation; the 
dotted line is the two layer model with 32 A of roughness in the outer layer, (b) Derived SLD 
from (a). The solid line is the multilayer structure without roughness; the dotted line is the two 
layer model.
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Figure 5.7 (a) Reflectivity profile of deuterated PC100B film in D20 , annealed at 150 
°C with an initial thickness of 100 A. The circles represent the measured reflectivity; 
the solid line is the fitted cuve using outer layers which have a step structure; the 
dotted line is the one layer fitting with 50 A of roughness; the dashed line is an 
assumed profile of the dry film in D20 . (b) the derived SLD from (a). The solid line 
is the multilayer structure without roughness; the dotted line is the one layer model.
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In this section, the hydrated structures of PC100B films were studied by analysis 
of reflectivity profiles. The results are consistent with the previous knowledge obtained 
from ellipsometry. The water content in the middle region of PC100B films decreases 
with increasing annealing temperature. However, the lamellar structure at the 
polymer/substrate interface is almost not affected. For the very thin film, the structure of 
the middle region is complicated by both the effect from the polymer surface and 
polymer/substrate interface, whereas, the middle region of the thicker films display no 
such effect.
5.3.2 Swelling of PC100B films in water
Due to the fast swelling, neutron reflection is not effective at following the 
dynamic process of the change of film structure with time within the first 1 0 - 1 5  
minutes. However, over a longer period, neutron reflection measurements are capable of 
following the slow structural changes in polymer swelling. These changes are often 
small and neutron reflection is sufficiently sensitive to detect them. Neutron reflection 
can therefore overcome the shortfall of ellipsometry in this aspect. In the following, we 
assume that D20  and H20  have the same effect on PC100B film swelling.
Figure 5.8a shows the reflectivities of the thin polymer film (140 A, annealed at 
150 °C). Based on the fitted parameters of the dry PC100B film (curve 5 in Figure 5.2a), 
the neutron reflectivity of the dry film before swelling under the water phase could be 
calculated. Note that the assumption of no water in the uniform layer and that no 
swelling occur is unrealistic. The dashed line in Figure 5.8a is the calculated profile 
shown for comparison. According to the ellipsometry study (Chapter 3), thin PC100B 
films undergo a fast swelling in the first several seconds after contact with water, 
resulting from the Fickian diffusion process. Although it is impossible to follow this fast 
swelling step by neutron reflection, the difference between the calculated and the first 
measured reflectivities offers some scope for assessing the initial fast swelling.
In Figure 5.8a, the neutron reflectivity profiles of the PC100B film in water at 
different periods, 7 hours and 22 days, are drawn for comparison. A slightly left-hand 
shift of the reflectivity curve at the longer time is observed, which suggests a film 
thickness increase during the 22 days of immersion in water. Using the model in Section
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5.2.1 to fit these two curves gave a thickness increase and SLD change (Figure 5.8b). 
The dimensions of the first and third hydrophobic layers (~ 35 A and 25 A) did not 
change, but the second hydrophilic layer increased from 26 to 31 A. The SLD of the 
second layer increased from 2.95 x 10"6 A'2 to 3.10 x 10*6 A'2, corresponding to about 3 % 
more D20. The thickness of the whole film increased from 275 to 285 A over the 22 
days swelling. This is in contrast to the thickness of the dry film 140 A. This means that 
most of the film thickness expansion occurred over the initial period, which is consistent 
with our early results from ellipsometry measurements. Thus, both neutron and 
ellipsometry data indicate a fast swelling followed by a slow relaxation process. Neutron 
results shown in Figure 5.8 tend to suggest that relaxation arises mainly form the 
structural changes within the hydrophilic regions.
Figure 5.9 shows the neutron reflection measurement of the swelling of the 
deuterated PC100B film, which was annealed at 150 °C for 3 hours, with a thickness of 
100 A. Similar to that shown in the hydrogenated PC100B films, the reflectivity changed 
little between 1 hr and 6 days. In Figure 5.9a, a small decrease at low Q (near 0.019 A"1) 
can be observed. From the derived SLD (Figure 5.9b), the increase of water content is 
only about 1 ~ 2 % and the total increase of thickness is less than 10 A.
From Figure 5.8 and 5.9, we notice that such thin films have different structures 
from those of thicker ones. The main difference is the absence of the apparently uniform 
middle region. As the total layer thickness decreases, their structural features become 
increasingly affected by the interfacial boundaries.
5.4 Drug distribution in swollen PC100B films
Drug distribution in a polymer means not only the concentration or gradient of 
drug distribution in the matrix, but also means the possibility of uneven distribution of 
the drug in different domains of the hydrophilic and hydrophobic polymer fragments. 
This preliminary work was aimed at finding out how a ding is distributed in a polymer; 
what affects drug loading and distribution; and how the surface segregation of a polymer 
affects drug distribution. Dipyridamole was chosen for this experiment, partly because it 
is used to increase coronary blood flow by selective dilation of the coronary arteries, and 
partly because it gives relatively good neutron and UV signals.
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Figure 5.8 (a) The neutron reflection measurements of swelling of the PC100B film 
(annealed at 150 °C). The triangle and circle symbols represent the state of the film 
immersed in water after 7 hours and 22 days. The dashed line represents the calculated 
curve of the dry film before swelling under the water phase. The solid line is the fitted 
reflectivity curve after 7 hours of immersion; the dotted line is after 22 days, (b) Derived 
SLD profiles of the PC100B polymer film in D20  after 7 hours (the solid line) and 22 days 
(the dotted line).
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Figure 5.9 (a) The neutron reflection measurements of swelling of the deuterated PC100B 
film (dry film thickness is 100 A, annealed at 150 °C) in D20. The triangles represent the 
reflectivity of PC100B after the first hour, the circles are after 6 days. The dashed line 
represents the calculated curve of the dry film before swelling under the water phase. The 
solid line is the fitted curve for the curve in the first hour, dotted line is after 6 days, (b) 
The SLD profiles derived from (a). The solid line is the film in D20  after 1 hour, the 
dotted line is after 6 days.
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The dipyridamole solution used in the experiment was a saturated D20  solution, 
with a concentration of 7 ppm. Before adding the drug solution into the experimental 
cell, the PC100B polymer film had been equilibrated with D20  and no further dimension 
change was observed. For the 500 - 800 A thick swollen films, the dipyridamole 
concentration change in the D20  solution after the surface was exposed to the solution 
could be ignored and the phase of drug solution was assumed infinite, considering that 40 
ml of the total drug solution was added in the experimental cell. Also, any absorption of 
the drug by the Teflon cell could be ignored at least in the first several days. Although 
dipyridamole is not very stable at room temperature, the results of our experiments 
obtained within the first 24 hours are still reliable according to UV detection. Thus, any 
possible decomposition was not considered.
Figure 5.10 shows the reflectivity of the PC100B polymer film, annealed at 
150°C, before and after adding dipyridamole-D20  solution, and the derived SLD profiles. 
In comparison with the reflectivity measured before dipyridamole addition, a remarkable 
feature is the shift of oscillation fringes towards the left side indicating an increase in film 
thickness after drug diffusion into the polymer film. In Figure 5.10b the solid line 
represents the SLD profile of dipyridamole in PC100B and the dotted line is the SLD of 
PC100B before adding the drug. The thickness of the bulk phase of the PC100B film 
swelled from 490 to 560A, and the SLD also increased from 2.80 x 10"6 to 2.96 x lO^A'2. 
This increase in SLD could be attributed to D20  and dipyridamole (SLD: 2.17 x 10* A '2) 
penetration. It is reasonable to assume that the thickness and SLD increasing in the film 
is attributed to dipyridamole because the PC100B film was already in an equilibrium state 
before drug was introduced. The maximum drug volume fraction can be worked out as 
23% in the middle region, according to equation (2.38). However, while the film is 
expanding in response to drug diffusion, D20  can also accompany dipyridamole to 
diffuse into the film, so the actual volume fraction of drug could be lower than 23%.
In addition, the isotopic contrast in the segregation structure has been enhanced by 
the diffusion of dipyridamole into the PC100B polymer (Figure 5.10b). Both the first and 
third hydrophobic layers near the polymer/substrate interface become wider, suggesting 
that dipyridamole molecules preferentially diffuse into the hydrophobic domains and 
swell these layers, which is consistent with the low polarity of the
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Figure 5.10 (a) Change of reflectivity before and after dipyridamole was added to in the 
PC100B polymer (annealed at 150 °C). The circles represent the reflectivity before the drug 
was added in the PC100B film, the squares represent the reflectivity 7 hr after the drug was 
added in the PC100B film. The curves have been offset for clarity, (b) Derived SLD from (a), 
The solid line represents the SLD profile after adding drug, the dotted line is before adding 
drug.
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Figure 5.11 (a) Reflectivity of the PC100B polymer (annealed at 50 °C) before and after 
dipyridamole D20 solution (7 ppm) was added. The circles represent the reflectivity of 
PC100B before the drug was added; the squares show the reflectivity of PC100B in the drug 
solution after 8 hr. (b) Derived SLD profiles from reflectivity in (a). The solid line represents 
the SLD profile after adding drug, the dotted line is before adding drug.
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dipyridamole molecule. At the polymer/water interface, the structure still keeps the 
original shape, suggesting little drug association. These results hence enable us to 
determine the exact location of the drug when solubilised into PC polymer films. This 
information could potentially be very useful for us to design the biopolymer for loading a 
specific drug and to control the release kinetics.
Figure 5.11 shows the neutron reflectivity of PC100B, annealed at 50°C, before 
and after adding dipyridamole, and the derived SLD profiles (Figure 5.1 lb). The PC100B 
polymer annealed at 50°C has a low degree of cross-linking than the PC100B annealed at 
150°C. We would expect that the loose structure of PC100B annealed at 50°C should be 
able to take more drug into its matrix than the film with the higher degree of cross-linking 
annealed at 150°C. However, the neutron reflectivity profile in Figure 5.11a shows 
almost no change after the D2O was replaced by dipyridamole solution. The 
corresponding SLD profile in Figure 5.11b shows little change to the segregation 
structure. From Figure 5.11b, the SLD of the middle region increased only by a very 
small amount, and the thickness of the film cannot be observed. A small amount of 
dipyridamole in the PC100B film is hard to detect because little change occurs in SLD. 
The question then arises, why does the PC100B annealed at 150°C absorb more 
dipyridamole than the PC100B annealed at 50°C?
The pure PC100B polymer annealed at 50°C contains 55 % of D2O in its 
equilibrated hydration state. The PC100B polymer annealed at 150°C contains 40 % of 
D2O due to the higher amount of cross-linking within it. The increased amount of pre­
existing D2O in the swollen PC100B makes the film unfavourable for more dipyridamole 
molecules to diffuse in because of their low polarity. Therefore, dipyridamole would 
prefer to diffuse into the condensed PC100B structure, despite having to overcome the 
unfavourable energy barrier caused by the small path size. A further reason is the 
stronger segregation of hydrophobic domains at the higher annealing temperature which 
serve as sites for solubilising dipyridamole.
An independent experiment by UV spectrometry shown in Figure 5.12 strongly 
supports the neutron reflectivity results. The PC100B samples used in this experiment 
were bulk films (0.3-0.5mm), which were confined at the bottom of quartz cuvettes. 
These films were annealed at either 50 or 150°C. From Figure 5.15, both sets of data
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Figure 5.12 The change o f UV absorbance after dipyridamole solution was added to PC100B polymer 
films. The PC100B polymer solution was casted onto the bottom o f quartz cuvettes, and was dried in 
air. The formed films were annealed at 50 °C (square) and 150 °C (circle). The initial drug 
concentration was 7 ppm at room temperature.
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indicate drug absorption in PC100B films. However, the UV absorbency of dipyridamole 
solution with the PC100B sample annealed at 150°C exhibited a quicker decreasing trend 
than that of the PC100B annealed at 50°C, showing more drug is incorporated into the 
films annealed at 150°C.
5.5 Conclusions
Neutron reflectivity was used to characterise the structure of PC100B polymer 
films. Segregation of hydrophobic and hydrophilic domains was found for films of 
different dimensions. Deuterated dodecyl chain PC100B polymer was used to highlight 
the interfacial structure of PC100B films. Two groups of PC100B samples were used to 
compare the thickness, and the annealing temperature effects. The segregation in dry 
PC100B polymer films was visualized by the deutrated PC100B, whereas the segregation 
in fully hydrogenated PC100B films was highlighted by D20  when the sample was 
hydrated. The hydrophilic phosphorylcholine groups, methacrylate backbones and 
hydroxypropyl groups, were preferentially adsorbed on the surface of the substrate, which 
form a layer of 10 A thick. The hydrophobic dodecyl chains were repelled away from the 
silicon oxide surface to form a layer of about 30 A thick. The main part of PC100B films 
is a middle uniform layer, which is consistent with the ellipsometry findings.
The preliminary neutron work on dipyridamole indicates that neutron reflection 
can be a very useful tool for studying drug loading and release. Its high depth resolution, 
together with the use of isotopic labelling helps to identify the location of drug molecules 
within the segregated polymer matrix. This information will be of both fundamental and 
practical significance. The detailed structure information from neutron reflection made it 
possible to correlate the location of the drug within the film with the absorbed amount 
and the release profiles obtained form UV measurements.
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Chapter 6
Drug Loading and Release 
from PC Polymer Films
6.1 Introduction
In the previous chapter, is has been demonstrated that drug molecules can be 
loaded into PC films and that change in the structure of the films affect the amounts of 
drug loaded. This chapter extends the previous study to a more general 
characterisation of the factors affecting drug loading and release kinetics. Different 
model drugs will be assessed.
According to the Thomas and Windle model [1978, 1980 and 1982], water 
sorption in glassy polymers was considered as a molecular relaxation process, a time 
dependent mechanical deformation of the polymer glass in response to the swelling 
stress. Drug release from polymer matrices can be controlled by the rate of swelling 
and relaxation of the polymers [Colombo 1993, Pappas and Khare 1993, Munday and 
Cox 2000, Brazel and Peppas 1999, Vigoreaux and Ghaly 1994]. A number of 
controlled systems based on swellable polymers have been developed [Korsmeyer et 
al. 1986 and 1981, Torres-Lugo and Peppas 1999].
The presence of drug molecules alters both the swelling osmotic pressure and the 
associated viscous response of the hydrogel network during the simultaneous 
absorption of water and desorption of drug [Lee 1983 and 1984]. It is found that the 
polymer/drug interaction and the extent of loading have pronounced effects on drug 
release profiles [Pham and Lee 1994]. Also, the structural state of a polymer matrix 
restricts the performance of water diffusion and drug release [Good and Mueller 1980, 
Gyselinck et al. 1983, Drobnik et al. 1974].
In this work, caffeine, thiamine hydrochloride, dipyridamole and angiopeptin 
were chosen as representative drugs in order to obtain an overall view of drug release 
from the coated thin PC films. The release rate of these drugs measured by 
ellipsometry and UV spectroscopy was studied by adjusting various factors, including 
polymer composition, environmental conditions, drug loading methods and drug type. 
The drug release pattern will be compared with the polymer swelling pattern obtained 
in Chapter 3.
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6.2 Effect of drug loading on film morphology
First, it is of interest to examine how the loaded drug within a polymer film 
affects the properties of the film, such as film thickness, crystallinity, morphology and 
mechanical properties [Roorda et al. 1986, Dumitriu 1994]. By using the high 
sensitivity of ellipsometry to examine the dimensions of polymer films, we have 
tested the effect of drug incorporation into the polymer film on film thickness. Figure
6.1 shows the variation of film thickness with the extent of caffeine loading at three 
different initial film thicknesses. It is clear from the results that over the 
concentration range studied, drug incorporation has very little effect on the film 
thickness. The phenomenon could be considered as the result of the pre-existence of 
spare space among the polymer chains and/or the small amount of drug loaded into 
the films. To examine this effect, further, similar measurements were made over a 
much wider range of caffeine concentration in polymer films. It can be seen from 
Figure 6.2 that compared with the first point of no drug loading, there is only a slight 
increase in film thickness with the high extent of drug loading. These results again 
suggest that there are voids inside polymer films which accommodate the small drug 
molecules. Since the coated film thickness is directly proportional to the viscosity of 
the drug/polymer solution and the evaporation rate of the solvent used, this result 
implies that small drug molecules, like caffeine, have little effect on the properties of 
polymer solution for coating. This observation may hold at relatively low drug 
concentrations. It is expected that as the drug concentration is further increased, the 
film thickness is bound to be affected.
Indeed, Lee [1983] has shown that the dimensions of PHEMA beads increases 
with the thiamine HC1 loading. It is also of interest to note that it is important to 
determine the drug distribution along the depth of the coated polymer film and the 
morphology of the drug present in the polymer matrix.
The effect of drug incorporation on the extent of film swelling, which is one of 
the important mechanisms to control drug release was also tested by in situ 
ellipsometry measurements. Figure 6.3 shows the comparison of the film swelling 
with two model drugs, caffeine and thiamine hydrochloride, in the first hour of 
swelling. Overall, the presence of drugs enhances the extent of polymer swelling. By 
comparing the swelling performance of drug loaded films with 5 and 15% (wt) of 
caffeine with the swelling of the blank PC100B film, we see that drug loading
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Figure 6.1 Variation of thickness of PC100B films with the level of caffeine loading.
Group A (o), group B (□) and group C (A) have the respective average thickness of 230,
100 and 52 A. All the films were dip-coated from the premixed caffeine-polymer solution 
with different concentration. The thickness shown here were from samples before annealing.
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Figure 6.2 Variation of thickness of PC100B films with the level of caffeine loading from 0 
to 30% (wt). Group A (o) and group B (□) were coated by using different polymer 
concentration, 10 and 5 mg/ml, respectively. All the films were dip-coated from the 
premixed caffeine-polymer solution with different concentrations. The thicknesses shown 
here were determined from samples before annealing.
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increases the extent of film swelling. The extent of swelling is also proportional to the 
drug concentration in the polymer film. All three films had the same initial thickness 
of 1700 ± 50 A. However, the swelling of the PC polymer with 5% thiamine 
hydrochloride, a more soluble drug in water than caffeine, showed a thickness 
increase of almost triple that of the polymer with 15% caffeine. The initial thickness 
of the film loaded with thiamine HC1 was 2300 ± 10 A, 600 A thicker than the blank 
film thickness. But the first measured thickness by ellipsometry after hydration was 
2000 A greater than that of the hydrated blank film. The remarkable difference in the 
swelling of PC100B containing thiamine hydrochloride suggests that the solubility of 
the loaded drug is an important factor contributing to the dynamic response of the PC 
polymer during swelling. The presence of the drug changes how water diffuses and 
the osmotic pressure in polymers [Kim and Lee 1992], thus, altering the polymer 
chain relaxation process away from the original pure PC polymer films. The 
difference of the extent of film swelling could also arise from other factors, including 
interactions between the drug and the polymer, the morphology of drug existence in 
polymers and the drug distribution within the polymer.
To examine further the effects of drug loading amount and the type of drug on 
film swelling behavior, the swelling of PC100B films by dipyridamole solution was 
studied by ellipsometry in water at 25°C. From the previous ellipsometry study 
(Chapter 3), we know that PC100B films, especially in its hydrated state, are almost 
transparent within the wavelength range of 250 to 1000 nm. However, the 
dipyridamole-loaded PC polymer was found not to be transparent at wavelengths 
below 500 nm by ellipsometry. Further measurement of a thin but pure dipyridamole 
film indicated that dipyridamole has a strong absorption at 420 nm and is only 
transparent from 480 to 1000 nm (Figure 6.4). Thus, during the swelling process, the 
thickness change of PC100B loaded with dipyridamole was measured in the selected 
range of 500 to 700 nm. This avoided the absorption area in the ellipsometry spectra 
and ensures the accuracy of data fitting.
Figures 6.5 and 6.6 show the fitted results from ellipsometry measurements for 
PC100B films premixed with 5 and 10% (wt) of dipyridamole. Compared with the 
swelling pattern of pure PC100B polymer films in Chapter 3, it is clear that the 
PC100B films mixed with dipyridamole still follow the same swelling pattern as the 
pure PCI00B films. For the samples annealed at low temperature, a quick saturation
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Figure 6.3 Thickness increase of PC100B films loaded with drugs as measured by ellipsometry. 
Films loaded with 5% of thiamine hydrochloride (A), 5 (o) and 15% (•) of caffeine are compared with 
the blank PC100B film (x). All the films were coated by dip coating in premixed drug-polymer 
solution and were annealed at 50°C.
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Figure 6.4 Refractive index and extinction coefficient of pure dipyridamole from ellipsometry 
measurements. The solid line represents the refractive index and the dotted line represents the 
extinction coefficient. The optical data were obtained by first fitting the film thickness at the 
transparent wavelength range from 480 to lOOOnm. Then the film thickness was fixed and the optical 
properties in the whole range from 250 to lOOOnm were fitted again. The dipyridamole film was 
coated from a dipyridamole-ethanol solution and the thickness was 440 ± 5 A.
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of water was observed. A much slower relaxation process was seen for the samples 
annealed at 150°C. It was found that for polymer films containing dipyridamole, the 
refractive index changes during swelling deviated from those of the pure PC100B 
films (Figure 6.6). For the samples annealed at 150°C, the extent of refractive index 
decrease of PC100B films containing the drug was less than that of pure PC100B 
films. The refractive indices displayed in the graph were fitted at the wavelength of 
500 nm in which dipyridamole is almost transparent (k = 0), but its refractive index is 
very high (n = 1.67). Considering the slow release of the drug due to the high cross- 
linking of the polymer film, it is understandable that the PC100B incorporated with 
the drug exhibits a higher refractive index. For the samples annealed at 50°C in 
Figure 6.6, an opposite trend could be observed whereby the refractive indices of pure 
PC100B films are higher than those with dipyridamole. This opposite trend can be 
explained as a high water content in the drug loaded polymer matrix after a quick drug 
release due to the low cross-linking content of the film. Table 6.1 lists the degree of 
swelling of the pure and drug loaded PC100B films after reaching equilibrium in 
water. It is anticipated that the pure PC100B films would have a lower degree of 
swelling, but the swelling difference caused by drug mixing is not large enough to 
exceed any experimental error. It is hard to give a clear picture about the effect of 
drug loading at this stage.
Table 6.1. Degree of swelling of PC100B films with dipyridamole
50°C
Annealing temperature
150°C
PC100B 2.48 1.50
PC100B +1% dipyridamole 2.50 1.41
PC100B + 5% dipyridamole 2.57 1.43
PC100B +10% dipyridamole 2.24 1.47
6.3 Effect of annealing temperature on drug release
The PC100B polymer contains silyl groups that can react with OH groups on the 
polymer chains and form cross-linking network in polymer films. The cross-linking 
caused by curing PC polymer films has shown a significant effect on swelling and 
water diffusion due to the structural change of the polymer matrices (Chapter 3). In 
addition, the microdomains consisting of hydrophilic PC groups and hydrophobic 
dodecyl segments, could also play the key part of in drug solubilisation. The loaded
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Figure 6.5 Swelling of a PC100B film premixed with dipyridamole, annealed at 50°C (□) and 
150°C (o), respectively, (a) Film plus 5 % of drug, (b) Film plus 10 % of drug.
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Figure 6.6 The change of fitted refractive indices of PC100B films premixed with dipyridamole, 
annealed at 50°C (open symbol) and 150°C (solid symbol). The refractive indices of pure PC100B 
were also drawn for comparison, (x) annealed at 50 °C and (*) annealed at 150°C. The mixed 
drug concentrations are 1% (o and •), 5% (A and A) and 10% (□ and ■), respectively.
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drug distribution in the polymer matrix can be affected by the existing microdomains 
as shown by Kikkinides et al. 1998. Thus, the drug release rate from PC polymers is 
expected to be strongly affected by the annealing temperature.
To study the effect of annealing temperature on drug release from PC polymer 
matrices, a series of PC100B polymer films with a premixed amount of drug (5% by 
weight) was coated onto the silicon wafers and annealed at 50, 100 and 150°C 
respectively. The released drug concentration was measured regularly by an UV 
spectrometer at 37°C until no further release was observed. Figure 6.7 shows that the 
UV absorbency of the released dipyridamole changes with time, and also that there is 
a parallel thickness change of the coated films. In Figure 6.7a, the drug release 
experiment (circle symbol) used the PC film annealed at 50°C, and the process was 
finished within 30 minutes. The corresponding increase in film thickness (circle 
symbol) shown in Figure 6.7b clearly indicates that the quick relaxation process in the 
initial stage of film swelling explains well the initial amount of drug released. The 
first point measured by ellipsometry after 1 minute of film immersion indicates that 
the film thickness increased by 6300 A, i.e. from 6700A (dry film) to 13000 A 
(immersed film).
As the annealing temperature was raised to 100°C, more cross-linking in the 
PC100B polymer matrix was expected. The square symbol in Figure 6.7a shows a 
reduced initial drug concentration and a longer overall release process. Figure 6.7b 
shows that the film thickness (square symbol) increased about 3000 A within the first 
minute of hydration. Thus, the rate of dipyridamole release decreases with the 
increased extent of cross-linking in a PC100B film.
The triangle symbol in Figure 6.7 shows the dipyridamole release from the 
PC100B film annealed at 150°C, and its corresponding film thickness increase. The 
initial burst of drug release by the film annealed under these conditions was not seen 
at all. The small thickness increase by the film (triangle) of 1500 A thick in Figure 
6.7b, suggests a further increased cross-linking degree which effectively prevents the 
drug being released from the polymer matrix. The whole release process lasted for 
about one month. This effect could be useful in controlling the drug release rate. The 
results shown above clearly demonstrate that by changing the degree of cross-linking 
and/or the microdomain structure within polymer matrices alters their interaction with 
drug molecules.
Based on the film thickness of 9000 A, the area of the cell window (750 mm2)
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and the solution volume in the cell (39 - 40 ml), it could be calculated that the 
released drug concentration should be about 0.8 ppm. Here the density of the 
PC100B polymer is assumed to be 1 gem*3. The released drug concentrations in 
Figure 6.7 are all about 0.9 ppm, consistent with the calculated drug concentration. It 
can thus be seen from the measured and calculated drug concentrations that the total 
drug released from the polymer film is small. The next step would then be to raise the 
loaded drug quantity in the PC100B thin film and this should be taken into 
consideration in the future experiments [Brannon-Peppas 1997].
The effect of cross-linking on drug release rate can also be explained by the 
concept of mesh size [Peppas 1987]. Mesh size, often used in diffusive characteristics 
of hydrogels in medicine and pharmacy, defines the space between macromolecular 
chains in a cross-linked network and is characterised by the correlation length, or 
distance between two adjacent cross-links. Increasing cross-linking degree directly 
reduces the space between the cross-links, thus decreases the mesh size in the polymer 
network. As the degree of cross-linking increases, the drug release will be retarded by 
the "screening mechanism" [Korsmeye and Peppas 1981] of the network mesh.
The “burst” effect at the beginning of the release process is usually attributed to 
the high amount of drug loaded onto the polymer surface or membrane [Baker and 
Lonsdale 1974]. It is thought that this is caused by manufacturing procedures or by 
redistribution of the drug during storage [Roorda et al. 1986]. The experiment shown 
in this section suggests another possibility, in that the initial quick relaxation of 
segments in the less cross-linked polymers could also cause the initial burst. The film 
thickness used is within the range of the surface layer of bulk polymer film, which 
could fit well with the picture of the “burst” effect occurring at a much thicker 
polymer film surface.
The effect of annealing temperature can also be observed in the caffeine release 
from the PC100B polymer films (Figure 6.8). These two caffeine-polymer samples 
were annealed at 50 and 100°C, respectively, premixed with 2% of caffeine in the 
coating. The PC100B film was not annealed at 150°C because it was found that 
100°C was a high enough annealing temperature to significantly slow down the drug 
release rate. Also, by comparing the curve of caffeine and dipyridamole release from 
films both annealed at 50°C, it can be seen that there is no obvious initial burst effect 
for caffeine.
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Figure 6.7 Dipyridamole released from PC100B films and the corresponding change of film 
thickness at pH 7 buffer, 37°C. (a) Concentration of dipyridamole in solution, calculated from 
UV measurement (at 291nm). The three films used were: initial dry film thickness of 8500 A, 
annealed at 50°C (o); 8200 A, annealed at 100°C (□); 7600 A, annealed at 150°C (A), (b) 
Film thickness increase against time, as measured by ellipsometry. The three films are: initial 
film thickness of 6700 A, annealed at 50°C (o); 5100 A, annealed at 100°C (□); 5900 A, 
annealed at 150°C (A).
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Transport properties of drug in hydrogels are affected by many properties. These 
include the type of cross-linking group and its composition, the size of drug 
molecules, the presence of charge groups in drug and polymer and also, 
polymerisation conditions [Roorda et al. 1986]. The different release behavior from 
dipyridamole and caffeine can be attributed to the different interactions between the 
drug molecules and the polymer network. The strong electrostatic interaction 
between the drug and the polar segments in the PC polymer film slows down the drug 
diffusion within the polymer matrix, even when the polymer is annealed at low 
temperature. Comparison of the release patterns of dipyridamole and caffeine 
indicates that the cross-linking of the polymer network as well as the interactions 
between drug molecules and polymer segments, were the two main factors controlling 
the drug release kinetics.
The results shown in this section suggest that a weak interaction exists between 
drug and polymer in the case of dipyridamole/PC polymer, therefore the drug release 
is dominated by film swelling kinetics, which in turn is affected by the degree of 
cross-linking. During the simultaneous water sorption and drug release, the swelling 
increases the water content within the film and the polymer mesh size, thus enabling 
the drug to diffuse through the polymer matrix. The drug release rate is controlled by 
the mesh size and this is clearly shown in Figure 6.7. This result is consistent with the 
release of larger drug molecules, such as peptides and proteins [Peppas et al. 1999, 
Brazel and Peppas 1999].
If a strong interaction exists between drug and polymer, such as in the cases of 
caffeine/PC polymer and thiamine HC1 /PC polymer, the drug release kinetics may be 
mainly dominated by this charge-related interaction. [Brannon-Peppas 1997, York 
1996], Figure 6.9 outlines the relationship between different polymer and drug 
interactions, and their effects on drug release patterns.
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Figure 6.8 Release profile of premixed 2% caffeine with the PC100B film in pH7 buffer at 
37°C. The two caffeine samples were annealed at 50°C (□) and 100 °C (o) respectively. The 
initial film thickness was 8000 A.
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Figure 6.9 Schematic description of the relationship between the PC polymer-drug 
interaction, the PC polymer structure and the drug release pattern.
6.4 Effect of polymer composition
Formulation of polymer blends is often utilized to improve the mechanical 
properties and also, to control the rate of drug release and polymer erosion in drug 
release systems [Tirosh et al. 1997]. To examine the properties of the polymer blends 
described in Chapter 4 as potential carriers for drug release, the effect of annealing 
temperature on dipyridamole release from blend polymers by both ellipsometry and 
UV spectrometry have also been examined. Figure 6.10 shows the concentration 
change based on UV measurements from the 5% dipyridamole premixed with blend 
polymers PC82 and PC64 in pH7 buffer at 37°C. The release pattern is similar to 
that of the pure PC100B polymer film, as indicated by the initial “burst” from the 
blends annealed at 50°C (Figure 6.10a). As the annealing temperature was raised to 
150°C, the initial burst also disappeared (Figure 6.10b). In comparison to the 
dipyridamole released from the pure PC100B film (Figure 6.9a), the initial drug 
release rates of the blends are faster. A possible reason for this is that the existence of 
non-cross-linked PC 100 A components in the blends reduce the drug release barrier.
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Figure 6.10 Dipyridamole (5%) released from premixed blend polymer PC82 (o) and PC64 (A) 
films in pH7 buffer at 37°C. All the initial dry film thicknesses are ~ 8500 A. (a) Films annealed 
at 50°C. (b) Films annealed at 150°C.
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Table 6.2. Swelling degree of blend polymers with and without dipyridamole
Swelling degree
Blend with 5% dipyridamole Blend without drug
PC64 (annealed at 50°C) 2.97 2.74
PC82 (annealed at 50°C) 2.56 2.51
PC64 (annealed at 150°C) 1.91 1.62
PC82 (annealed at 150°C) 1.54 1.49
Time (min )
Figure 6.11. Fitted thickness change of blend polymer with premixed 5% of dipyridamole. 
Initial thickness of films are 8700 A. PC64 was annealed at 50°C (o) and 150°C (*), PC82 
was annealed at 50 (□) and 150°C (+).
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Figure 6.11 shows the fitted thickness change from ellipsometry measurements 
for blend polymers with 5% dipyridamole. From these swelling curves of drug- 
premixed polymers, it can be seen that PC64, which has more content of non-cross- 
linked PCI 00A, exhibits a trend of faster swelling under either low or high annealing 
temperature. In PC82, the amount of the cross-linking group is higher and this deters 
film swelling. In fact, the same observation has been described in the previous study 
of blend polymer swelling without drug present (Chapter 4). The effect of drug 
loading on blend polymer swelling is shown in Table 6.2, which compares the 
swelling degree of the blend polymers with and without dipyridamole. Blend 
polymers premixed with drug, display a slightly higher swelling degree, which could 
be attributed to a more “loose” structure as drug molecules occupy more space and 
interrupt some cross-linking within the PC polymer matrices. The PC64 
incorporating the drug exhibits a higher extent of swelling, suggesting that the non­
cross-linked PC 100 A component becomes dominant in the polymer swelling.
6.5 Effect of film thickness
It has already been shown that properties of thin polymer films are complicated 
by surface and interface polymer structure (chapter 5), especially as the biocompatible 
PC polymers are in direct contact with a biological environment in biological system. 
Changing polymer film thickness could directly impact the effect of the interfacial 
structure on the polymer bulk phase, thus affecting drug distribution in polymer film.
The drug loading procedure is a vital step to keep the biological activities of 
macromolecular drugs, such as peptides and proteins [Gehrke et al. 1993]. As 
angiopeptin is sensitive to heat and light, it is not feasible to place it under harsh 
annealing conditions. In the following experiments, this drug was loaded onto the 
polymer film that already coated. After annealing at a given temperature in the 
vacuum oven, the coated PC100B film was immersed in the aqueous angiopeptin 
solution for one week. The long soaking time ensures a frilly hydrated swollen film 
according to previous swelling experiments of PC100B in water (Chapter 3). The 
loaded films were gently rinsed with 2ml water and dried in a vacuum oven at room 
temperature overnight for further use.
144
3.0
2.5 -
0 .0  m------------------1-------------------1-------------------T------------------ ;------------------
0 20 40 60 80 100
Time (min 1/2)
Figure 6.12 Angiopeptin released from PC100B films with respective thickness of 7000 A 
(o) and 1.7 pm (□). The pre-coated PC100B films were annealed at 50°C, immersed in a 1 
mg/ml angiopeptin solution for 10 days, then dried in vacuum dessicator at room 
temperature before being used for drug release in a pH7 buffer. The angiopeptin 
concentration was calculated from UV absorbency (at 278 nm).
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Figure 6.13 Angiopeptin released from PC100B films with respective thickness of 7000 A 
(o) and 1.7 pm (□ and A). The pre-coated PC100B films were annealed at 150°C first, and 
were immersed in a 1 mg/ml angiopeptin solution for 7 days, then dried in vacuum 
dessicator at room temperature before being used for drug release experiment in a pH 7 
buffer. The angiopeptin concentration was calculated, from UV absorbency (at 278 nm).
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Figure 6.12 shows angiopeptin release from soaked PC100B films, which were 
annealed at 50°C before being immersed in an angiopeptin solution of 1 mg/ml. The 
first measured concentration from the 1.7 pm film is three times higher than that for 
the 7000 A film. This means that the thicker PC100B film contains more angiopeptin 
than the thinner one. The thicker film was expected to take a longer time to reach 
equilibrium, but in this study both films took a similar length of time to reach 
equilibrium. This result suggests that the rate of release is not affected by the 
thickness of the film. Alternatively, it can be said that the thicker film did not appear 
to slow down the diffusion. It would be very useful to identify the location of the 
drug under this mode of loading.
From the saturated drug concentration in the release cell, the weight fraction of 
the soaked angiopeptin in PC100B before release can be calculated. The values were 
found to be 6% for the 1.7 pm film, and 9% for the 7000 A film. The density of 
PC100B is still assumed to be 1 g/cm3. The drug concentrations in these two films 
are rather close. These two values can give a general indication of the amount of drug 
present prior to release, but the distribution of angiopeptin in the polymer matrix and 
on the outer polymer surface is still unknown. The drug remaining on the polymer 
surface after water rinsing is the main source of error.
In this experiment, the polymer surface was cleaned by water to remove any 
possible spare angiopeptin carried over by solution onto the polymer surface after film 
soaking. As the films were very thin, only 2ml water was used to rinse the polymer 
surface twice, to avoid over-rinsing. It was difficult to retain the reproducibility of the 
washing.
Figure 6.13 shows the angiopeptin release from PC100B films. These films were 
cured at 150°C before soaking in an angiopeptin solution at 1 mg/ml. Again, the 
1.7pm film releases more drug than the 7000 A film. The calculation shows that the 
angiopeptin absorbed in polymer is 8% for the thick film, and 15% for the thin film, 
suggests there is a difference in the loading between thin and thick films.
By comparing Figures 6.13 with 6.12, it can be seen that the released drug 
concentration from the film annealed at the higher temperature is higher than that for 
the film annealed at the lower temperature. The same phenomenon has been 
described previously for dipyridamole loading (Chapter 5). Although the possibility 
of adsorption of angiopeptin on the PC100B surface cannot be excluded, this
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experiment does indicate that angiopeptin had been absorbed and released from the 
inner PC100B film. It should also be noted that although the two drugs were loaded in 
two different modes, the similarity in release pattern may indicate that the drug 
release is dictated by the micro structure of the PC polymer matrices.
6.6 Conclusions
The main observation in this chapter is that the drug release pattern is strongly 
affected by film swelling kinetics. The amount of drug loaded shows little effect on 
the film dimension of PC100B, whereas drug type and loading quantity do change the 
swelling pattern of PC100B. Polymers incorporated with thiamine hydrochloride, 
which is more soluble in water than caffeine, exhibit a higher extent of swelling than 
with caffeine. The main way to control the cross-linking in PC100B films is by 
annealing temperature, which greatly affects the release pattern of drug release. 
Annealed at low temperature, the release pattern of dipyridamole from PC100B shows 
a “burst” effect as a result of the fast relaxation process. At higher annealing 
temperature, the drug release rate is restricted by the increased cross-linking and the 
“burst” effect is also suppressed. Comparison of different drug release patterns 
suggests that strong interactions between drug and polymer, such as charge 
interactions, dominate the drug release behaviour from PC polymer films. The 
swelling mechanism is the rate limiting step in drug release from PC polymers if the 
interactions between drug and polymer are weak. In the angiopeptin release 
experiments, PC100B films, annealed at high temperature and with higher thickness, 
show the tendency to absorb more angiopeptin. This observation is further confirmed 
by the results from UV and neutron experiments. Different modes of drug loading did 
not affect the release patterns significantly. This observation may indicate that the 
polymer surface properties were not affected by the premixing of drugs. The release 
patterns are mainly affected by interactions between polymer and drug.
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Chapter 7 
Conclusions and Suggestions for Future Work
The incorporation of drugs into phosphorylcholine polymers coated onto stent 
surfaces is an efficient surgery treatment for reducing restenosis, the reclosure of the 
artery after angioplasty treatment. Previous work in this laboratory has studied protein 
adsorption on the PC polymer surfaces. This work on the characterisation of the swelling 
performance of thin PC polymer films represents a further extension of this study. The 
broad aim of this work is to associate the PC polymer structure, film processing 
conditions to their swelling and drug loading. A major part of the effort has been to 
establish ellipsometry as a feasible measurement method and routines for data 
interpretation. Specular neutron reflection as a powerful technique has also been shown 
to provide very detailed information about the fine structure at the surfaces and interfaces 
of PC polymer films. The combination of the results from ellipsometry and neutron 
reflection has proved to be helpful in characterising PC polymer films and their use as 
drug carrier systems.
The high sensitivity of ellipsometry on thin films makes it possible to examine the 
hydration state of PC polymer films. Following the established routines of ellipsometry 
measurements in this thesis, an extremely fast expansion of PC polymer films has been 
observed during the initial period of film hydration. The subsequent process is a slow 
relaxation that lasts for a much longer period before the final equilibrium is reached. 
These observations suggest that the water diffusion into PC polymer films follows an 
anomalous mechanism, and its performance is consistent with the coupled diffusion and 
relaxation model. These findings provide the possibility to manipulate the PC polymer 
composition and structure, and to control the rates of drug release from PC polymer 
films. Hence, the swelling performance of PC100B films was first investigated as a 
function of cross-linking, annealing temperature, and film thickness by ellipsometry 
measurements.
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We found that annealing can cause cross-linking reaction (curing) in PC polymers 
and reduce the free volume for segment movement. PC polymers annealed below 100°C 
show a swelling behaviour dominated by Fickian diffusion and the swelling reaches 
equilibrium within a relatively short time. The samples annealed at 150°C show a 
swelling process that bears an increasing feature of relaxation. Fitted parameters show 
that with increasing annealing temperature, the contribution of Fickian diffusion 
increases, and the relaxation rate constants decrease. The activation energy of water 
diffusion in PC polymer films annealed at 50 and 150°C were calculated as 47.7 and 50.0 
kJ/mol respectively. The swelling behaviour of PC films in pH 7 buffer solution showed 
no difference from the PC films in pure water.
The effects of chemical composition and hydrophilic/hydrophobic ratios on the 
swelling performance of phosphorylcholine polymers were also studied by ellipsometry. 
The sample, PC100A, without cross-linker annealed at 50°C tends to a higher degree of 
swelling than that of the cross-linked polymer, PC100B. On the contrary, the PC100A 
annealed at high temperature, e.g. 160°C, has a much less degree of swelling, which is 
attributed to the more ordered structure formed during annealing. Ellipsometry studies on 
the annealed PCI 00 A films have demonstrated the existence of crystal structures in films. 
The blend polymers of PC 100 A and PC100B show a long relaxation process. The more 
composition the PC100A in the blend polymers, the higher the degree of swelling. These 
results together with the work on the PC100C polymer, which has the ratio of 2:1 
hydrophilic and hydrophobic components, show that increasing the hydrophilic part in 
PC polymers can greatly improve the degree of swelling and the water absorption in 
polymers.
The two-stage swelling process in PC polymer films is the main feature of this type 
of hydrogels. However, it is still unclear about the molecular mechanisms in the second 
stage of water uptake. Another unresolved problem is the calculation of water diffusion 
coefficients in PC polymer films. In this work the diffusion coefficient is treated as a 
constant, i.e. an average diffusion coefficient, but it varies with the water concentration in 
polymer films. This problem could be partially solved by using more elaborate models, 
but it still has to be assumed that water distributes uniformly across the film. A further 
challenge is the description of the relaxation in PC polymer films. Although the coupled
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model is used to delineate the long term relaxation, the exact physical meaning of this 
model is, however, not clear. Further fundamental studies to unravel the structural details 
within polymer films in the course of swelling might lead to some useful insights.
The structure of PC100B polymer films has been further characterised by neutron 
reflection. Segregation of hydrophobic and hydrophilic domains was found for films of 
different dimensions. The PC100B with deuterated dodecyl chains was used to highlight 
the interfacial structure of the film. Two groups of PC100B samples were used to 
compare the thickness effect and the annealing temperature effect. The segregation in 
dry PC100B polymer films was visualized by the deutrated PC100B, whereas the 
segregation in the fully hydrogenated PC100B was highlighted by D20  when the sample 
was hydrated. The hydrophilic segments, including phosphorylcholine and 
hydroxypropyl groups, are preferentially adsorbed on the surface of the substrate, which 
forms a 10 A thick hydrophilic layer. The hydrophobic dodecyl chains are expelled away 
from the silicon oxide surface to form a layer of about 30 A thick. The main part of 
PC100B films is a middle uniform region with 40 % of water in the sample annealed at 
150°C, and 55 % of water in the sample annealed at 50°C.
The preliminary neutron reflection study on dipyridamole indicates that neutron 
reflection can be a very useful tool for studying drug loading and release. Its high depth 
resolution, together with the use of isotopic labelling helps to identify the location of drug 
molecules within the segregated polymer matrix. This information will be of both 
fundamental and practical significance. The detailed structural information from neutron 
reflection made it possible to correlate the location of the drug within the film with the 
absorbed amount and the release profiles obtained form UV measurements.
Combination of the ellipsometry results and the drug release information from UV 
measurements indicates that the release pattern is strongly affected by the film swelling 
kinetics. The amount of drug loaded shows a less obvious association with the dry film 
dimension of PC100B polymers. Whereas, the drug type and its loading quantity tend to 
alter the extent of film swelling within a certain range. For example, polymers 
incorporated with thiamine hydrochloride, a more soluble drug in water than caffeine, 
exhibit a higher extent of swelling than that with caffeine. As the main handle to control 
the crosslinking in PC100B films, annealing temperature greatly affects the main release
152
pattern. When annealed at a lower temperature, the release pattern of dipyridamole from 
PC100B films shows an initial burst followed by a steady release. At a high annealing 
temperature, the drug release rate decreases with the increased degree of cross-linking 
and the initial burst is also suppressed. The study of annealing thus indicates that the 
manipulation of cross-linking in PC polymers should be a crucial step to control the rate 
of drug release. Furthermore, the achievement of cross-linking would not be limited 
only by annealing; changing cross-linkers and the means of initiating cross-linking are 
also in the list of consideration.
The interaction between polymer segments and drug molecules is another 
important factor affecting the drug release. Comparison of different drug release patterns 
suggests that the strong interaction between drug and polymer, such as charge interaction, 
dominates the drug release behaviour from PC polymer films. Otherwise, the swelling 
mechanism will be the rate limiting step in the drug release from PC polymers if the 
interaction between drug and polymer is weak. In the angiopeptin release experiments, 
PC100B films annealed at high temperature and with a thicker thickness, show the 
tendency to absorb more angiopeptin. This observation is further confirmed by the 
results from UV and neutron experiments. The different modes of drug loading did not 
affect the drug release pattern significantly. This observation may imply that the polymer 
surface properties were not affected by premixing of drugs, further confirming that the 
drug release pattern is mainly affected by the interaction between polymer and drugs.
In addition to the interaction between polymer and drugs, the relative position of 
drug molecules in polymer matrices should be investigated in the future work. Although 
neutron reflection has given some structural pictures of PC polymers, the detailed 
information about the distribution of hydrophilic and hydrophobic domains in polymers 
and their locations to drug is not available. The relative locations between drugs and 
hydrophilic/hydrophobic domains could also play an important role in the drug release. It 
would not only affect the amount of drug loading, but also the bioactivity of drugs, 
especially the loaded peptides and proteins. The disclosure of the more detailed 
structural information for PC polymers, and of the way of the drug distribution in 
different domains in PC polymer matrices will improve our understanding of the use of 
PC polymers as drug carriers.
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In this thesis, the effects of the different drug loading methods have not been fully 
assessed, especially the means of loading macromolecules, like peptides and proteins. It 
is not clear whether the drugs stay at the polymer surface or penetrates into the polymer 
matrix, and how the allocation of drug molecules in polymer could affect the drug 
release. The answers to these questions would be of general interests to both of chemists 
and pharmacists in the field of applications.
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